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 The ability to quantify three-dimensional (3D) joint kinematics with accuracy and 

precision in-vivo is vital to gaining an understanding of the pathomechanics of joint 

disorders. The objectives of this study were to investigate the accuracy and precision of 

single-plane fluoroscopy in quantifying stifle kinematics of dogs, and to use this 

measurement modality to characterize high precision, 3D in-vivo stifle kinematics in 

healthy dogs during different activities. 

 The accuracy and precision of the 3D-to-2D model registration technique was 

assessed in both normal and tibial plateau leveling osteotomy (TPLO) treated cadaveric 

stifles. Metallic beads were implanted in the femora and tibiae of both limbs; a TPLO 

was performed on the left tibia while no surgery was performed on the right stifle. 

Biplanar fluoroscopy was simulated by obtaining orthogonal fluoroscopic images of 

each stifle at 5 flexion-angles to simulate a normal gait cycle. Joint kinematics were 

measured with a single plane 3D-to-2D model registration technique and with modified-

radiostereometric analysis (RSA). The single-plane technique was performed by shape-

matching CT-generated 3D femoral and tibial bone models to lateral-view (2D) 

fluoroscopic images. RSA was performed by tracking the implanted beads in orthogonal 
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fluoroscopic images. Accuracy of the single-planar model registration technique was 

assessed by comparison to biplanar RSA results. Following this cadaveric validation, 

the 3D-to-2D model registration technique was applied to 6 orthopedically normal 

Labrador retriever dogs performing common daily activities including walking, trotting, 

sitting and stair-ascent. 

 For the ex-vivo validation, mean absolute differences between the single-planar 

model-registration technique and RSA were less than 1.28 mm and 1.05 mm for all 

translations, and 1.58º and 1.08º for all rotations, for the normal and TPLO-treated stifle 

respectively. For the in vivo stifle kinematics, increasing stifle flexion angle was 

associated with tibial internal rotation, abduction and cranial translation for all 4 

activities. The exact relationship between flexion angle and these movements varied 

both within and between activities.  

 We validated the accuracy and precision of a single-plane fluoroscopic 3D-to-2D 

model-registration technique in normal- and TPLO-treated dog stifles. We further 

documented that normal dog stifle kinematics are complex with movement being under 

precise active control, which is activity dependent.
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CHAPTER 1 
AN INTRODUCTION TO STIFLE KINEMATICS 

Overview 

 Joint kinematics is the study of the motion of bones, without regards to forces or 

mass. Interest in the motion of the human knee has a long history with early knee 

kinematic studies  dating  back  to  the  1830’s.1 The ability to quantify joint kinematics with 

precision in vivo is vital to gaining an understanding of musculoskeletal pathomechanics 

and to evaluate the effect of treatment on joint function. Historically, stifle kinematics in 

the dog were measured in the sagittal plane, where large flexion-extension excursions 

could be quantified.2,3 This approach however underestimates the complexity of 

femorotibial movement and reduces stifle kinematics to that of a simple hinge joint. 

Educational and technological advances have enabled us to study stifle kinematics in 

much greater detail and have exponentially improved our understanding of the 

complexity of femorotibial kinematics.  

Anatomy 

 The stifle is a complex diarthrodial joint, with motions occurring in all three 

planes.4 Stifle kinematics can refer to both femorotibial- and patellofemoral-kinematics; 

however, most motion is associated with the former and is the basis of our discussions 

and investigations here. The complex motion of the femorotibial joint is largely a 

function of the elaborate anatomic composition. Stifle kinematics are influenced by the 

delicate interplay between the distal femur, the proximal tibia, the lateral and medial 

menisci and the joint capsule, along with 15 different ligaments and 16 different 

muscles.4 



 
 

14 

 Like most species, dogs display anatomical adaptations in response to the 

biomechanical loads encountered, which directly affect stifle kinematics. Adaptations of 

the cortical bone, which decrease in thickness from the diaphysis to the metaphysis, 

allow shock absorption through deformation during weight bearing.  Furthermore, there 

is an increase in osseous diameter at the femorotibial surface, increasing surface area 

to aid in reduction of peak vertical force within the stifle during ambulation and other 

activities. Despite these anatomically advantageous morphologies, the femorotibial 

articular surface is incongruent with round, asymmetrical femoral condyles5 articulating 

with a relatively flat to convex tibial plateau, which has a caudo-distal orientation in the 

dog.6 Due to the osseous incongruence of the femorotibial joint, stifle stability is highly 

dependent on the soft tissue constraints. The CrCL is considered to be the primary 

stabilizer of the stifle, limiting hyperextension, cranial translation and internal rotation of 

the tibia.7 The CdCL functions to limit caudal tibial translation and secondarily helps to 

limit both internal and external tibial rotation.7 The incongruency between the 

femorotibial articulation is largely negated by the lateral and medial menisci (Figure 1-

1). The menisci are crescent-shaped fibrocartilage discs that function as secondary 

stabilizers of the stifle and ensure uniform load transmission between the round femoral 

condyles and the relatively flat, sloped tibial plateau.8  

 Clearly, the anatomy of the stifle joint is very complex. Unlike most other 

diarthrodial joints, the stifle is unique in that joint stability is highly dependent on the soft 

tissue constraints rather than bone congruency, leaving these soft tissues vulnerable to 

large and often excessive strains and loads.  
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Ex Vivo Kinematic Investigations in the Dog 

 Injuries to the soft tissues supporting the stifle joint are frequently encountered in 

veterinary practice. Cranial cruciate ligament rupture is one of the most common causes 

of pelvic limb lameness in dogs9 and has been the focus of numerous kinematic studies 

over the years. Much of our early understanding of stifle kinematics has thus come from 

ex vivo studies of the function of the CrCL and other stifle ligaments, and how these 

supporting structures relate to stifle kinematics.7,10,11 Cadaveric studies area also useful 

in that they often allow for histologic and mechanical analysis of ligaments. Arnoczky 

and Marshall performed one of the first kinematic studies in the dog stifle.7 In this study, 

metallic pins were placed at the points of origin and insertion of CrCL fibers and 

radiographs of the stifle were acquired over a range of motion, utilizing the distance 

between the markers as a function of ligament length. This study showed that the CrCL 

is composed of both craniomedial and caudolateral components which demonstrated 

reciprocal loosening and tightening as the stifle moved through a range of motion. The 

caudolateral band was found to be taut in extension and loose in flexion whereas the 

craniomedial band remained tensioned in extension and flexion. In agreement with what 

had previously been shown with the human ACL12, this study demonstrated that the 

CrCL in the dog functions to limit cranial tibial translation. More precisely, the 

craniomedial component of the CrCL, being taut in both flexion and extension was 

found to be the primary restraint against cranial tibial translation. In further agreement 

with that found in the human ACL12, the CrCL was also found to prevent internal tibial 

rotation and stifle hyperextension. Similar to the CrCL, the CdCL was also found to have 

both cranial and caudal components. While the individual function of each component 
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was not fully elucidated, the entire CdCL was found to be the primary restraint against 

caudal tibial translation.7 

 A later study by Vasseur et al. looked at the function of the lateral collateral 

ligaments and how these structures affected frontal and transverse plane stifle 

kinematics.10 The length of these ligaments were measured in similar fashion, tracking 

ligament implanted lead markers with serial radiographs as the stifle moved through a 

range of motion. The medial collateral ligament was found to be taut throughout the full 

range of motion whereas the lateral collateral ligament was taut in extension only, 

becoming lax during flexion. This study demonstrated that both collateral ligaments are 

taut during extension, which results in tight control of tibial abduction/adduction and 

internal/external rotation when the stifle is in extension. Progressive relaxation of the 

lateral collateral ligament resulted in internal tibial rotation as the stifle flexion angle 

increased; continued internal tibial rotation was thought to be limited by the CrCL. This 

finding  is  analogous  to  the  ‘screw-home  mechanism’  demonstrated in human knee-

kinematics studies, where the tibia internally rotates with progressive flexion.13-17 

Monahan et al. furthered these previous veterinary studies by measuring the strain 

patterns of the CrCL, the CdCL, the medial and lateral collateral ligaments in vivo using 

mercury gauges.18 These investigators found that valgus loading of the stifle lead to 

tibial internal rotation, with the degree of internal rotation increasing as the flexion angle 

increased, corroborating previous findings of Vasseur et al.10 The study by Monahan et 

al. showed that internal and external tibial rotation is limited both by the collateral and 

cruciate ligaments. They confirmed that with increasing flexion angle and the associated 
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internal tibial rotation, the CrCL assumes a greater role in limiting further internal 

rotation of the tibia.18 

 These early studies clearly showed that stifle kinematics are much more complex 

than  the  original  “hinge-joint”  theory,  and  have  been  instrumental  to  our  understanding  

of the 3D features of stifle kinematics in the dog. These studies however were limited in 

their cadaveric nature. Isolated cadaveric stifle investigations typically limit the 

evaluations to a single joint, and negate the effects that muscular pull, cadence, velocity 

and body stance can have on the kinematics of that joint in vivo. A classic example of 

where cadaveric kinematic results do not consistently translate to the in vivo setting is 

illustrated by reviewing research on the human knee. Multiple cadaveric studies 

demonstrate the screw-home mechanism, as described above.13-17 This finding 

however is often not identified in 3D in vivo kinematic studies19, can be suppressed with 

external rotation of the foot,20 and appears to be highly dependent on the activity being 

performed.21 The realization of said limitations of cadaveric studies is slowly shifting the 

paradigm of kinematic investigations, in both human and veterinary research, to the in 

vivo dynamic setting.  

In Vivo Kinematic Investigations in the Dog  

Optical Motion Capture 

 Some of the earliest in vivo kinematic measurement studies in both humans and 

dogs were conducted using optical motion capture technology. This technique involves 

tracking the position of surface mounted markers using motion-sensor cameras. 

Markers are attached to anatomical landmarks in order to outline specific bones and 

thus calculate the relative movement between these two bodies (Figure 1-2). The 

earliest form of this technology involved manually tracking assigned markers from a 
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sequence of still analogue-video images.22 Modern motion capture systems typically 

track the motion of skin-mounted markers using specialized high speed tracking video 

cameras.  

 Unfortunately motion capture technology has inherent inaccuracy in its 

methodology, regardless of the marker-type used. Placing markers on the skin to overlie 

specific anatomic structures makes a rigid-body assumption, that marker motion 

precisely reflects that of the underlying skeletal structure. This assumption has been 

shown to be problematic, with numerous human and veterinary studies demonstrating 

considerable discrepancy between motion of the skin-mounted markers and that of the 

underlying bone.23-26 Studies quantifying the magnitude of this soft-tissue artifact have 

shown that markers around the stifle can move relative to their assigned landmarks by 

up to 3 cm in humans and 1.2 cm in dogs.23,25 A further complication encountered with 

this technique, unique to quadrupedal motion, is the inability to see medially based 

markers during ambulation.27 Visualization of laterally based markers only, restricts the 

ability to measure kinematics in 3D and usually limits measurement of flexion-extension 

angles only.  

 Optical motion capture has been utilized in numerous veterinary studies 

investigating kinematics of both the healthy2,3,27-36 and pathologic34,37,38 dog stifle. The 

vast majority of these studies evaluated stifle flexion-extension angle only, due to the 

limited ability to accurately measure out-of-sagittal plane rotational and translational 

movements. In these studies, the stifle was found to have two peaks of maximal 

extension during the gait cycle; one during the swing phase and one during the stance 

phase of gait.2,32,33 It was found that the maximal stifle extension and flexion at the trot 
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was approximately 150º and 90q, respectively.28,33 The point of maximum stifle 

extension was further found to correspond with the onset of stance phase.33   

 More recent work in dogs evaluated the use of a joint coordinate system with 

optical motion capture for measuring stifle kinematics in 3D.27,39 This involves the 

assignation of a local coordinate system to both the femur and tibia, based on an initial 

static trial where all markers are visible;39 computational models are then used to 

mathematically reconstruct any markers that are obscured during ambulation.27 They 

found that using this system, in contrast to previous motion-capture studies, permitted 

the measurement of coronal and transverse plane angulations.27 While this represents a 

significant advancement in the ability to measure dog stifle kinematics in 3D using 

optical motion capture methodology, these studies did not perform an accuracy error 

analysis and are still prone to soft-tissue artifact.  Based on inaccuracies in human 

studies using similar methodology, questions regarding the precision for measuring out-

of-sagittal plane rotations remains. 

Model-Based Fluoroscopic Image Registration 

 Dynamic fluoroscopic imaging has become one of the most commonly used 

kinematic measurement techniques in humans. The subject is imaged while performing 

a  chosen  activity  with  one  (“single-planar”)  or  two  (“biplanar”)  fluoroscopes.    Kinematics  

are then measured by aligning CT- or MRI-generated 3D bone models to the 

corresponding bone silhouettes on the 2D fluoroscopic images, to quantify the pose 

(translation and rotation) parameters. Fluoroscopic analysis has many advantages: the 

bones are visualized and tracked directly, eliminating the skin and soft tissue artifact 

encountered with some of the other techniques, as described above;25,40the 
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methodology involved is minimally-invasive, utilizes anatomically based coordinate 

systems and can be used to measure dynamic daily activities in vivo.41  

 The accuracy and precision of model-registration using single and biplanar-

fluoroscopy has been evaluated in multiple investigations. Studies that utilized artificial 

bones and those that employed bone-embedded markers in their methodology tended 

to demonstrate increased accuracy and precision levels when compared to shape 

matching natural bones without markers (Table 1-1). Accuracy and repeatability results 

obtained from studies that shape-matched to natural bones are obviously more 

representative of what can be done in the in vivo scenario. Investigations of femorotibial 

kinematics utilizing single plane fluoroscopy have demonstrated an absolute precision 

of less than 1.2 mm for in-plane translations and 1.3º for all rotations.41   

Single-plane fluoroscopy 

 Single-plane fluoroscopy and model registration involves lateral-view imaging of 

the  patient’s  joint  as an activity is performed. Most of the early work utilizing this 

technique involved measuring knee kinematics in humans following total knee 

arthroplasty (TKA).42-45 Manufacturer-supplied 3D computer aided design (CAD) models 

of the metallic implants were shape-matched to precisely overly the corresponding 

implants on lateral-view fluoroscopic images (Figure 1-3). Total knee arthroplasty 

implants have very well defined geometry and this makes shape-matching the CAD 

models of the implant to the corresponding implant outline on fluoroscopic images 

intuitive and accurate.42 Researchers gradually moved to fluoroscopic kinematic 

analysis of the normal human knee.46-49 As there are no CAD models available of the 

subject’s  bones,  3D  geometric  bone  models  were  created  from  computed  tomographic  

(CT) bone density data46, with similar accuracy to that reported using implant-CAD 
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models (Figure 1-4).41 To try and negate the necessity for a CT-scan and the associated 

radiation exposure, a more recent investigation showed that magnetic resonance image 

(MRI)-derived bone models can be used with similar accuracy to that attained with CT-

derived bone models.50 

 One major limitation of single-plane fluoroscopy is reduced accuracy for out-of-

plane translational measurements. Movement of the joint perpendicular to the 

fluoroscope manifests as changes in the size of the bone silhouette on the fluoroscopic 

image, which can be subtle and difficult to detect. Banks and Hodge showed that bone 

translations perpendicular to the image plane had standard errors ten times greater than 

translations parallel to the image plane.42 Similar findings have been documented in 

multiple single-plane fluoroscopic studies.41,44,46,51,52 Despite the vast literature on the 

measurement of human knee- (and other joint-) kinematics using a model-registration 

technique and single-plane fluoroscopy, to date, there are no published kinematic 

studies in dogs conducted using this methodology.  

Biplanar fluoroscopy 

 Kinematic measurement using model-registration and biplanar fluoroscopy 

involves imaging the joint of interest with two simultaneously operating orthogonally 

positioned fluoroscopes (Figure 1-5). The ability to measure from orthogonal angles 

increases the measurement accuracy and precision for out-of-plane translations and 

rotations.53-56 One previous study documented the use of a model-registration technique 

and biplanar fluoroscopy for measuring femorotibial kinematics in the dog.57 While a 

detailed description of the kinematics was not provided in that study, they documented 

the feasibility and accuracy of a biplanar shape-matching technique in the dog stifle. 

Despite the increased accuracy attained with biplanar fluoroscopy over single-plane 
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fluoroscopy, large set-up costs, limited availability, increased radiation exposure and a 

reduced field of view for imaging dynamic activities, limit the applicability of this 

technique in veterinary medicine. 

Radiostereometric Analysis 

 Radiostereometric analysis (RSA) is another kinematic analytic technique in 

which biplanar (stereo) radiography is used to track the relative movements of two 

bones or implants, in a highly accurate and precise manner. Originally described by 

Selvik et al.58 RSA  is  considered  the  “gold-standard”  kinematic  measurement  technique  

with an in vivo accuracy of less than 250 Pm for translations and less than 0.5º for 

rotations.59,60 Radiostereometric analysis involves tracking surgically implanted 

radiodense tantalum metallic markers in stereo radiographic images. The originally 

described RSA technique involved tracking marker beads in statically acquired 

orthogonal film-radiographs. A disadvantage of this method was the requirement for a 

lot of user interaction.61 Consequently a faster, user-friendly digital tracking system was 

later developed, with no differences documented in rotational or translational accuracy 

when compared with the manual-RSA.60 More recently, fluoroscopy has been used with 

RSA to track implanted beads in dynamic in vivo studies.62-67 The accuracy of RSA 

when kinematics are measured dynamically using fluoroscopy has been shown to 

comparable to the traditional RSA methodology.68 

 Despite the widespread application of RSA in the human medical field, use of 

RSA in animals is sparse. To  the  best  of  the  author’s  knowledge,  there  are  only  five  

published in vivo studies using RSA in animals. The earliest study investigated the 

effects of porous coating on osteointegration in total knee arthroplasty in sheep.69 Later, 
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studies by Allen et al. assessed the feasibility of RSA for assessing implant migration in 

dogs with total hip arthroplasty70 and with total knee arthroplasty71,with satisfactory 

results documented. 

 Radiostereometric analysis principles were also used by Tashman et al. in 

normal and CrCL-transected research dogs to assess the acute and chronic effects of 

CrCL-deficiency on stifle kinematics.66,67 While the primary objectives of this study was 

to assess the kinematic effects  of  CrCL  transection,  each  dog  acted  as  the  “normal”  

control, prior to CrCL transection. Unfortunately, the limited field of view afforded by two 

orthogonal fluoroscopes imaging simultaneously (Figure 1-5) did not allow capture of 

complete gait cycles; only stifle kinematics immediately prior to- and following-paw 

strike of dogs at the walk were captured and analyzed. In the control (normal) dogs, the 

stifle was found to be actively extending in the late swing phase with this extension 

progressing into the early stance phase, where maximum extension reached 

approximately 150º. Although not specifically correlated, graphs in this paper indicate 

that the tibia was both adducting and externally rotating as the stifle extended.  

 Tashman et al. evaluated the accuracy and precision of dynamic RSA in the dog 

stifle in vivo, using high-speed biplanar radiography.66 They documented an average 

precision of 0.064 mm for all translations and 0.31º for all rotations.66 The results of this 

study indicate that RSA is both a viable and precise method for measuring stifle 

kinematics in the dog dynamically in vivo. Although considered the most accurate and 

precise in vivo kinematic measurement modality available, RSA requires bone-

implantation of metallic marker beads. Implantation involves an anesthetic episode and 
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a surgical procedure, clearly reducing the applicability of RSA for everyday kinematic 

measurements in a clinical setting. 

Kinematics of the Cranial Cruciate Ligament-Deficient Dog Stifle 

Cruciate Ligament Rupture: Prevalence and Etiology 

Cranial cruciate ligament insufficiency is one of the most common causes of hind limb 

lameness in the dog.9,72 Loss of integrity of the CrCL is a debilitating condition with 

affected dogs exhibiting lameness, muscle atrophy and invariably develop progressive 

stifle osteoarthritis.73 Estimates suggest that 100,000 people ruptured their ACL in the 

USA in 2007.74 Although this is a large number, the prevalence of CrCL rupture in dogs 

appears to be much higher, with one large-number retrospective study showing a 2.55% 

incidence of CrCL disease in dogs.75 Additionally, prevalence or reported prevalence of 

CrCL disease in dogs has more than doubled over the past three decades.75  

In contrast to the scenario seen in humans where sports-related injuries account for 

65% of ACL ruptures requiring surgery76, CrCL rupture usually occurs under normal 

physiologic loads of everyday activities in the dog as a result of progressive midbody 

ligament failure.77,78 Although non-contact injuries account for up to 72% of ACL 

ruptures in people79, the vast majority of these are associated with excessive loading of 

the ACL.80 Injuries usually involve acceleration or deceleration motions with the knee 

near or at full extension, most often when combined with an internal moment and/or a 

valgus load exerted on the knee.80 Due to these differences in disease etiology and 

presentation, the kinematic risk factors for- and effects of-ACL rupture in people cannot 

reliably be extrapolated to explain CrCL disease in the dog.  
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Ex Vivo Kinematics 

 A number of ex- and in-vivo studies have been conducted to investigate the 

kinematic effects of CrCL insufficiency in the dog. In one of the earliest ex vivo studies, 

Arnoczky and Marshall found that transection of the CrCL resulted in a 150% increase 

in internal tibial rotation and an 8% increase in maximal extension angle.7 They further 

found the normal stifle exhibited no cranial tibial translation; this value increased by an 

average of 9.5 mm after CrCL transection in the medium sized dog cadavers (15-20 kg) 

used in their study.7 More recently, Pozzi et al. investigated the effects of CrCL-

deficiency on stifle kinematics, articular contact area and contact pressures in canine 

cadaveric specimens.81 It was found that CrCL deficiency shifts contact points to less 

frequently loaded areas of the tibial plateau, potentially contributing to cartilage 

pathology and osteoarthritis instigation.81 Although these studies introduced important 

concepts such as the kinematic changes after CrCL injury, they also outlined the 

limitations of ex vivo models and the need for accurate 3D in vivo studies. 

In Vivo Kinematics 

 Korvick et al. were the first group to investigate 3D dog stifle kinematics in vivo.82 

They measured dogs walking and trotting over ground before and after transection of 

the CrCL, to study the function of the CrCL. Kinematic curves for the walk and the trot in 

normal stifles were found to be very similar, with larger peaks noted for flexion, 

abduction and internal rotation during the trot versus the walk. For the intact and CrCL-

deficient stifle, increased flexion was accompanied by internal tibial rotation and tibial 

abduction. Following CrCL-transection, dogs walked with the stifle in 5-14º more flexion. 

The tibia was more cranially and medially translated while also being more internally 

rotated in the CrCL-deficient dogs.82 This was the first study demonstrating the true 3D 



 
 

26 

nature of normal stifle kinematics in vivo. This group further highlighted that stifle 

kinematics are affected in all 6 DOF post CrCL-loss.82 While providing invaluable 

femorotibial kinematic data, the study was not without limitations. The implemented 

methodology required multiple surgical procedures and involved the use of 

percutaneous pins, which may have influenced joint kinematics. 

 Tashman et al. furthered these findings by measuring the acute and chronic 

effects of CrCL-transection on femorotibial kinematics.66,67 As mentioned above, 

kinematics were measured using biplanar fluoroscopy and RSA principles. In 

agreement  with  Korvick’s  findings82, the CrCL-deficient dog carried the stifle in more 

flexion, by ~9 º on average. Cranial cruciate ligament-loss also resulted in an increase 

in cranial and medial tibial translation. The range of coronal plane angulation doubled in 

the CrCL-deficient dogs with the CrCL-deficient stifles carried in greater adduction by 

approximately  3º.  Interestingly,  in  comparison  to  Korvick’s  findings82, Tashman did not 

find increased internal tibial rotation post CrCL transection. Although conducted with 

highly precise methodology66, this study was limited by the fact that only a small portion 

of the gait-cycle was captured and that a surgical procedure to implant the marker 

beads for RSA was required. 

Treatment 

 A previous study suggested that conservatively managed CrCL-deficient dogs 

can have a satisfactory outcome.83 Surgical intervention, however, is still considered by 

many to afford the best clinical outcomes.84 Despite the numerous surgical procedures 

described for CrCL insufficiency in dogs, no single procedure has demonstrated clear 

superiority with regards to clinical outcomes.84,85 This lack of consensus on the best 

treatment option for these dogs suggests that our understanding of the CrCL disease 
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process, the effects of CrCL deficiency on femorotibial kinematics, and whether our 

surgical interventions restore normal femorotibial kinematics, are not fully understood.  

 The overall economic impact for treating CrCL rupture in the USA in 2003 was 

estimated at over $1.3 billion.86 In spite of the patient morbidity and the huge costs 

associated with the management of CrCL insufficiency, to date there are still no 3D 

studies assessing stifle kinematics of at-risk breeds, to help provide some insight into 

the kinematic-mechanisms of CrCL rupture. With the high frequency of CrCL 

insufficiency seen in dogs, there is a clear need to understand the effects of this disease 

on stifle kinematics. We furthermore need to assess the kinematic effects of the 

numerous surgeries described for stabilizing the CrCL deficient stifle. The ability to 

restore normal kinematics to a CrCL deficient stifle is paramount to restoring normal 

physiologic load transmission to the articular cartilage, thereby removing one of the 

major instigators of cartilage wear and subsequent osteoarthritis87 that is seen with 

many of the commonly performed surgical procedures.88-93 

Summary 

 Recent advancements in joint kinematic research have resulted in a vast 

improvement in our understanding of stifle kinematics in the dog. Originally described to 

function as a hinge-joint, stifle motion is now known to be much more complex with 

rotations and translations occurring in all three planes.  

 Despite this increased understanding, a well- defined quantitative description of 

normal stifle kinematics in the dog is lacking. While providing vital baseline data on 

CrCL-deficient stifles, the studies by Korvick82 and Tashman67 did not provide a detailed 

description of normal stifle kinematics. These studies were further limited by the fact 

that they only studied straight-line ambulation and that they involved invasive 
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methodology. It has been well documented in the human knee that femorotibial 

kinematics vary considerably between different activities.21,94 The majority of published 

stifle kinematic studies in the dog involved femorotibial assessment during walking or 

trotting. More recently, other activities such as swimming34, stair ascent and stair 

descent95 have been described. While broadening our knowledge of kinematics during 

different activities, the aforementioned swimming and stair-activity investigations only 

assessed femorotibial flexion-extension, and thus did not give a thorough description of 

stifle kinematics. The ability to quantify normal motion during daily activities is critical to 

our understanding of the kinematic effects of different pathologies affecting the stifle. 

Furthermore, kinematics measured over a range of normal daily activities will help 

provide a baseline outcome-measure for any stabilization procedures performed on the 

stifle.  

 There clearly are a multitude of modalities available for quantifying joint 

kinematics. Despite the tremendous advancements in this measurement technology, 

many modalities suffer from drawbacks such as inherent inaccuracy, invasiveness, lack 

of availability, and or the inability to measure dynamic activities. There is a clear need to 

define a technique which can be easily implemented to measure femorotibial kinematics 

in the dog with a high level of accuracy and precision, in a minimally-invasive manner 

during a range of different activities. 
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Table 1-1. A summary of femoral and tibial absolute precision results reported by knee 

fluoroscopy studies in humans.41 

References Fluoroscopy 
Method Knee Type Models 

Matched 
In-Plane 

Translation 
Out-Plane 
Translation 

All 
Rotations 

Fregly41 Single-plane  Natural Bones 0.42 5.6 1.3 
Kanisawa51 Single-plane Natural Bones 1.2 4.0 0.8 
Komistek46 Single-plane Natural Bones 0.45 ... 0.66 
Banks42 Single-plane Artificial Implants 0.21 3.9 1.3 
Hoff52 Single-plane Artificial Implants 0.46 2.2 0.35 
Mahfouz44 Single-plane Artificial Implants 0.09 1.4 0.40 
Tashman66 Bi-plane Artificial Markers 0.06 0.06 0.31 
You57 Bi-plane Artificial Bones 0.23 0.23 1.2 
Kaptein96  Bi-plane Artificial Markers 0.05 0.08 0.07 
Kaptein96 Bi-plane Artificial Implants 0.06 0.14 0.17 

Translations are measured in mm and rotations are measured in degrees. 
 
 

 
Figure 1-1. Frontal  plane  cross  sectional  image  of  a  cadaver  dog’s  stifle.  Notice  the  

incongruity between the round femoral condyles and the relatively flat tibial 
plateau. The wedge shaped menisci function to fill the incongruent spaces 
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abaxially. (Peter Muir. Advances in the Canine Cranial Cruciate Ligament. 
Hoboken, NJ: Wiley-Blackwell, 2010).8 
 

 
Figure 1-2. Retroflective markers positioned for motion capture analysis of knee 

kinematics. Markers are positioned for a point cluster technique to help 
reduce error associated with soft-tissue artefact. (Source: Koh JSB, Nagai T, 
Motojima S, et al. Concepts and measurement of in vivo tibiofemoral 
kinematics. Oper Tech Orthop 2005;15:43–48).15 
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Figure 1-3. Single plane fluoroscopy used to measure femorotibial kinematics 

associated with a unicondylar knee replacement. Three-dimensional models 
of the distal femur and proximal tibia/fibula, with manufacture-supplied implant 
CAD models are shape matched to precisely overly the corresponding 
structures on the fluoroscopic image. (Source: Banks SA, Fregly BJ, Boniforti 
F, et al. Comparing in vivo kinematics of unicondylar and bi-unicondylar knee 
replacements. Knee Surg Sports Traumatol Arthrosc 2005;13:551–556).97 
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Figure 1-4. Single plane fluoroscopy used to measure femorotibial kinematics in normal 

patients. Computed tomography-derived bone models of the distal femur and 
proximal tibia and fibula are shape matched to precisely overly the 
corresponding bones on the fluoroscopic image.(Source: Moro-oka T-A, 
Hamai S, Miura H, et al. Can magnetic resonance imaging–derived bone 
models be used for accurate motion measurement with single-plane three- 
dimensional shape registration? J Orthop Res 2007;25:867–872).50 
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Figure 1-5. Biplanar fluoroscopy for measurement of stifle kinematics in the dog using 
RSA. A) A dog walks on a treadmill while being imaged by two (biplanar) fluoroscopes. 
B) An overhead schematic of the biplanar radiographic system. The joint of interest can 
only imaged where the two x-ray beams intersect, as indicated by the hatch-line area. 
(Source: Tashman S, Anderst W. In-vivo measurement of dynamic joint motion using 
high speed biplane radiography and CT: application to canine ACL deficiency. J 
Biomech Eng 2003;125:238-245).66
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CHAPTER 2 
ACCURACY OF NONINVASIVE, SINGLE-PLANE FLUOROSCOPIC ANALYSIS FOR 

MEASUREMENT OF THREE-DIMENSIONAL FEMOROTIBIAL JOINT POSES IN 
DOGS 

Introduction 

 The accuracy of measuring femorotibial joint motion by use of single-plane 

fluoroscopy in dogs cannot be extrapolated from human studies due to differences in 

osseous morphology, size, and cadence. Reporting the feasibility and accuracy of 

single-plane fluoroscopy for the stifle joint of dogs is required to conduct valid in vivo 

dynamic studies that use this methodology. The purpose of the study reported here was 

to determine the accuracy of a digital bone-model–based, single-plane fluoroscopic 

technique for measuring 3D kinematics of normal canine stifle joints, with a biplanar 

marker–based digitally modified RSA technique used as a reference for measuring 

femorotibial poses during simulated pelvic limb ambulation in a cadaver specimen. We 

hypothesized that single-plane fluoroscopic analysis of dog stifle joints would offer a 

high degree of accuracy for rotations and translations in the sagittal plane (flexion-

extension, craniocaudal translation, and proximodistal translation), with poorer accuracy 

for rotations and translations out of the sagittal plane (mediolateral translation, 

abduction-adduction, and internal-external rotation). We further hypothesized that this 

technique would have a high level of inter- and intraobserver repeatability. 

Materials and Methods 

Specimen Preparation 

 The pelvis and intact normal pelvic limbs were collected by disarticulation of the 

vertebral column at the lumbosacral joint from a 25-kg skeletally mature dog that was 
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euthanized for reasons unrelated to the study. A CT scana of both pelvic limbs from the 

hips to the tarsocrural joint was obtained. Metal marker beads of 2 mm diameter were 

then implanted into the cortices of the distal femur and proximal tibia of both limbs. The 

metal beads served as radiopaque markers for determining the precise position and 

orientation of the femur and tibia relative to each other by use of a digital modification to 

the originally described RSA.58 A minimum of 4 beads per bone was used to satisfy the 

requirement of at least 3 markers; beads were positioned in each bone such that the 

beads would not overlap on mediolateral and craniocaudal view fluoroscopic images. 

No problems with identifying the beads were encountered in any of the fluoroscopic 

views. A TPLO was performed in the left limb for analyzing hybrid implant-bone model-

based shape-matching techniques; the results of that study are discussed below. 

Following marker bead implantation, a second CT scan was obtained in similar fashion. 

Fluoroscopic Image Acquisition 

 The specimen was mounted in a custom-designed jig that allowed unconstrained 

passive movement of the hip, stifle, and hock joints (Figure 2-1); the specimen was 

positioned centrally within the field of view of the fluoroscope with a source-to-detector 

distance of 1,100 mm. Optical geometric features of a ceiling-mounted fluoroscopic 

systemb were determined by use of a calibration object with known spatial positions of 

metal beads.42 This object measured 160 X 160 X 160 mm and contained 35 

radiopaque metal beads; a CT scan of the calibration object allowed accurate 

determination of these metal bead locations. A simple validation was conducted to 

assess for potential calibration errors introduced with C-arm rotation between 
                                            
a Toshiba Aquilon 8, Toshiba American Medical Systems Inc, Tustin, Calif. 
 
b Toshiba Infinix-i flat panel C-arm fluoroscope, Toshiba American Medical Systems Inc, Tustin,  Calif. 
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orthogonal image acquisitions. Fluoroscopic images of the calibration device in the 

craniocaudal orientation and then in the mediolateral orientation were obtained. These 

sequential images were completed 6 times with all craniocaudal and mediolateral 

images, and assessed for variation in marker-bead positioning in the images, with none 

detected. The x-ray source was configured to supply a 76-kV beam with a 20-mA beam 

current, by use of a 1-shot fluoroscopy acquisition program. The flat panel detector had 

a field of view of 41 X 30 cm; image resolution was 1,024 X 1,024 pixels. By use of a 

goniometer, the right stifle joint was sequentially positioned at 5 flexion angles, ranging 

from 150° to 110°, to simulate a normal gait cycle range of motion. With the left limb 

manually moved out of the field of view, sequential mediolateral and craniocaudal view 

fluoroscopic images of the right stifle joint were obtained for each pose, while ensuring 

the specimen did not move between orthogonal image acquisitions. Images were 

acquired through 5 gait cycles. 

3D Model Creation and Coordinate Assignation 

 Three-dimensional bone models were created from CT-scan digital imaging and 

communication in medicine images by use of an open source 3D segmentation software 

program.c This semiautomatic application uses bone contour edges to create surface 

models of the bones.98 For the single-plane fluoroscopic analysis, bone models of the 

femur and tibia were created from the first CT scan, which was free from any metal 

artifact (Figure 2-2). For RSA, marker-based models were created from the second CT 

scan. Femoral and tibial 3D models used for RSA did not include the bone around the 

implanted metallic beads, and only contained the implanted beads in these regions. The 

                                            
c ITK-SNAP, version 2.2, ITK-SNAP.org, Philadelphia, Pa. Available at: www.itksnap.org. Accessed Feb  
10, 2013. 

http://www.itksnap.org/
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3D bone models were imported into a reverse engineering software program.d 

Radiostereometric analysis marker models were aligned with the corresponding 

beadless bone models, and coordinate systems were assigned simultaneously to both 

models. This eliminated variability in the comparative measurements that may have 

occurred from use of different coordinate systems for each corresponding 3D model. 

Coordinate systems were assigned to the femurs and tibiae on the basis of local 

anatomic landmarks as described.66 By use of a best-fit function in the software 

programd, spheres were contoured around both femoral condyles and the femoral head 

with the center-point of each structure interactively identified. Femoral coordinates were 

applied so that the mediolateral axis (z axis) passed through the center of the lateral 

and medial femoral condyles with the femoral origin located at the midpoint between the 

center of the condyles on the mediolateral axis. The proximodistal axis (y-axis) passed 

proximally, perpendicular to the mediolateral axis in a plane common to the center of 

both femoral condyles and the femoral head (Figure 2-3). Tibial coordinates were 

applied so that the mediolateral axis passed from the outermost edge of the medial and 

lateral tibial condyles; the tibial point of origin was set midway between these 2 points 

on the mediolateral axis. The proximodistal axis passed from distal to proximal, 

perpendicular to this mediolateral axis in a plane common to this axis and the midpoint 

of the distal tibia. The craniocaudal axes (x axes) for the femur and tibia were created 

from the cross-product of the mediolateral and proximodistal axes, creating a Cartesian 

coordinate system. 

                                            
d Geomagic Studio, Geomagic Inc, Research Triangle Park, NC. 
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3D to 2D Shape-Matching 

 Two-dimensional fluoroscopic images and 3D bone models were imported into a 

custom written open-source shape-matching software program.e For RSA, 3D models of 

implanted beads were superimposed over the mediolateral and craniocaudal 

fluoroscopic images simultaneously and manually manipulated to overlie the beads in 

the orthogonal fluoroscopic images (Figure 2-4). This process was repeated 3 times for 

all images to assess repeatability of the modified RSA technique. For the single-plane 

fluoroscopic analysis, 3D bone models of the femur and tibia were superimposed over 

the lateral fluoroscopic images only and manually manipulated to precisely match the 

silhouette of their respective bones (Figure 2-5). Frames were analyzed in a random 

fashion so that the shape-matching from one frame could not bias the next 

corresponding frame in that gait cycle. All frames were analyzed 3 times by the primary 

observer (SCJ) to assess for intraobserver repeatability. A second observer (GT) 

completed the process once for all 5 cycles, to assess for interobserver variability. 

Interobserver variability was assessed by comparing the first 5 cycle values measured 

the first time by the primary observer, with the 5 cycle values measured by the second 

observer. Both observers underwent training in the shape-matching procedure before 

study commencement; this involved tutoring from an engineer experienced with the 

fluoroscopic analysis technique. Three-dimensional position and orientation of each 

bone model was determined from the shape-matching software; these data were then 

                                            
e JointTrack, Department of Mechanical and Aerospace Engineering, College of Engineering, University 
of Florida, Fla. Available at: ufdc.ufl.edu/UFE0021784/00001. Accessed Feb 10, 2013. 
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imported into a custom-written transformation matrix decomposition program,f which 

transformed the data into clinically relevant femorotibial poses in 6 DOF.99 

Statistical Analysis 

 A statistical software package was used for all analyses.g Rotations (flexion-

extension, abduction-adduction, and internal-external) and translations (craniocaudal, 

mediolateral, and proximodistal) calculated by use of RSA and single-plane fluoroscopic 

analysis were compared. The accuracy of each DOF was defined by the mean absolute 

difference and RMS errors between RSA and single-plane fluoroscopic analysis. 

Intraobserver repeatability was assessed by comparing the 3 trials completed by the 

primary observer. Standard deviations were determined for each DOF from each 

fluoroscopic frame from the 3 times they were analyzed. A single repeatability measure 

was determined by calculating the mean SD for each DOF (75 frames).66 Intraobserver 

variation was further assessed by use of a 1-way repeated-measures ANOVA for the 

absolute difference between the single-plane fluoroscopic analysis and RSA for all 5 

cycles that were completed 3 times by the primary observer. Interobserver repeatability 

was similarly assessed by determining the SD for each DOF in each fluoroscopic frame 

measured by both observers, with overall repeatability described as the mean SD for 

each DOF. Interobserver agreement was also assessed by means of a paired t test on 

the absolute differences between the single-plane fluoroscopic analysis and RSA for 

each DOF. The agreement between the single-plane fluoroscopic analysis and RSA for 

both intra- and interobserver analysis was further described by the limits of agreement 

                                            
f Matlab, MathWorks, Natick, Mass. 
g SigmaPlot, version 12, Systat Software Inc, San Jose, Calif. 
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approach, as described by Bland and Altman.100 Agreement between the 

measurements, repeated 3 times on all biplanar images by use of the modified RSA, 

was evaluated with Bland-Altman plots.  For all statistical analyses, values of P < 0.05 

were considered significant. 

Results 

 Agreement between the repeated biplanar images by use of the modified RSA 

was very high, as demonstrated by narrow 95% limits of agreement in all 6 DOF on 

Bland-Altman plots (Figures 2-6 and 2-7). The absolute value of the differences of the 

means for single-plane fluoroscopic analysis and RSA were determined (Table 1). Mean 

absolute differences between the techniques were small at d�1.28 mm for all 

translations, and d�1.58° for all rotations. The RMS errors between the single-plane 

fluoroscopic analysis and RSA were d�1.42 mm for all translations, and d�2.01° for all 

rotations. For intraobserver variability, mean SDs were d�0.52 mm for all translations, 

and d�1.36° for all rotations (Table 2). Significant differences were found in the absolute 

mean difference for proximodistal (P = 0.001), mediolateral (P = 0.001), abduction-

adduction (P = 0.03), and internal-external (P = 0.04) measurements over the 3 times all 

kinematics were measured (Table 3). For interobserver repeatability, mean SDs were 

d�0.52 mm for all translations, and d�0.91° for all rotations. The absolute differences 

between the single-plane fluoroscopic analysis and RSA techniques were significantly 

different between the 2 observers for abduction-adduction (P = 0.02) and internal-

external rotation (P = 0.03; Table 4). Bland-Altman plots revealed narrow 95% limits of 

agreement for all 6 DOF within (Figures 2-8 and 2-9) and between (Figures 2-10 and 2-

11) observers. 
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Discussion 

 Results suggested that single-plane fluoroscopic analysis is a highly accurate 

method for measuring stifle joint kinematics in dogs in all 6 DOF. The largest absolute 

mean difference between RSA and single-plane fluoroscopy was not > 1.28 mm for 

translations and 1.58° for rotations. The results were in accordance with similar studies 

of the human knee, in which single-plane fluoroscopic analysis resulted in mean errors 

of 1.2 mm for sagittal plane translations and 1.3° for all rotations.41 Intuitively, motion of 

objects parallel to the flat panel detector will be seen as changes in position of that 

object in the image, whereas motion perpendicular to the detector will be seen primarily 

as changes in silhouette shape or size, which are more subtle and difficult to identify.42 

For instance, with lateral images, changes in mediolateral translation are seen as 

changes in bone silhouette size, whereas changes in abduction-adduction and internal-

external rotations are seen as change in bone silhouette shape. Consistent with the 

hypothesis of greatest accuracy being found in the sagittal plane, the largest errors for 

rotations were found with abduction-adduction and internal-external rotations. 

 The proximodistal translation results did not support the hypothesis that accuracy 

would be greatest in the sagittal plane. A systematic bias in the proximodistal 

translations measured by use of bone models was found, compared with the biplanar 

bead-based measurements. The source of this bias, which makes the bones appear 

slightly farther from the x-ray source, results from the graphic method used to 

superimpose the bones on the fluoroscopic image. The bones are projected as solid 

objects, not as radiolucent objects, and thus they always will appear slightly larger than 

a true radiographic view in which the edges are slightly attenuated to make the object 

appear slightly smaller. Correction for this size discrepancy during the shape-matching 
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process results in femoral and tibial origins being distracted by approximately 1 mm, 

giving the bias. This bias was consistently present and was clearly evident in the Bland-

Altman plots, where differences between the fluoroscopic analysis technique and RSA 

were not centered about 0, unlike the 5 other DOF (Figures 2-8 and 2-10). 

 The mediolateral alignment of the normal stifle joint is highly constrained in 

dogs.66,67,82 The shape-matching software has a free-view function that allows the 

operator to view and manipulate the femoral and tibial bone models together in 3D from 

any perspective (Figure 2-5). Seeing the bone models together, particularly from a 

digital craniocaudal view, allows the operator to estimate the relative positions of the 

femur and the tibia for mediolateral alignment. Thus, the high degree of accuracy in the 

mediolateral translations  was  a  reflection  of  the  observer’s  best  guess  in  this  DOF.  It  

was suspected that a mediolateral translation of < 1 mm would result in subtle changes 

in bone silhouette size that are not easily detectable on mediolateral views. Hence, 

caution is advised in the interpretation of the apparently high accuracy for quantifying 

mediolateral alignment with single-plane fluoroscopy. 

 Intraobserver repeatability was assessed by the primary observer performing 

shape-matching analysis on all 5 cycles 3 times. Significant differences in the mean 

absolute error were found for 4 variables (proximodistal, mediolateral, abduction-

adduction, and internal-external), but the magnitude of difference that was detected was 

< 0.70 mm for translations and 0.96° for rotations and was not considered a clinically 

relevant source of error. Three of the 4 variables with significant differences in the 

magnitude of error were out-of-sagittal-plane rotations (abduction-adduction and 

internal-external) and translations (mediolateral), consistent with previous findings that 
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measurements made out of the sagittal plane are less repeatable than those made in-

plane.42 Interobserver repeatability for single-plane fluoroscopic analysis was high, with 

no significant differences observed in the magnitude of error between observers for 4 of 

the 6 DOF. Significant differences between observers were found for abduction-

adduction and internal-external rotations. These variables may have been associated 

with poorer repeatability because these rotations do not occur in the sagittal plane.42 

Despite the detection of significant differences in the mean absolute errors, the actual 

magnitude of the discrepancies between the 2 observers was extremely small (0.90° 

and 0.75° for abduction-adduction and internal-external, respectively) and would not be 

considered to be a clinically relevant source of error in future clinical studies. 

 The main limitation of this study was that images were acquired under static 

conditions, which may not directly replicate the image quality acquired in a dynamic 

setting with live dogs. The static setup in this study did not reproduce potential motion 

artifact that occurs with dynamic image acquisition, which can affect the accuracy of this 

fluoroscopic analysis technique.101 Fluoroscopic systems used in dynamic 

musculoskeletal studies must be able to generate a sufficiently fast frame rate and a 

short enough exposure time to avoid motion artifact while capturing enough data to 

analyze the gait in its entirety.101 The system is capable of generating 30 exposures/s 

with an exposure time of 1 millisecond; pilot dynamic trials with live dogs performed in 

the  authors’  laboratory  suggested  that  image  quality  obtained  in  dogs  while  walking  and  

trotting was excellent and comparable to the images acquired in this validation study. In 

the present study, the order in which the fluoroscopic images were shape matched to 

the bone models was random so that the preceding image did not influence the shape 
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matching of the following fluoroscopic image. A previous study102 found that dynamic 

trials had the same or better mean accuracy than static trials, likely due to operator 

knowledge of bone position in the previous frame aiding the shape-matching process. 

Thus, dynamic data collected in live subjects by use of single-plane fluoroscopy may 

indeed have similar or better accuracy than the accuracy reported here. Limb overlap 

was avoided by manually moving the contralateral limb out of the radiographic field of 

view. Limb overlap on the fluoroscopic images would be unavoidable in a dynamic 

setting and could negatively affect the shape-matching process. Finally, the results may 

not be applicable to all dogs, given the anatomic variations among dogs. The cadaveric 

specimen used in the present study was a 25-kg non-chondrodystrophic mixed-breed 

dog. Potential variations in the accuracy of this technique may be introduced with dogs 

of different sizes, with anatomic anomalies, or radiographically evident disease such as 

osteoarthritis. 

 There was a distinct learning curve associated with the shape-matching process. 

Both observers underwent appropriate training before commencing the study. No 

statistical improvement in accuracy was detected among the 3 trials completed by the 

primary observer; however, both observers found that shape matching became easier 

and less time-consuming as more experience was gained. The accuracy of results for 

future studies will be dependent on the training of those performing the analysis and 

their attention to detail with the shape-matching of the models to the corresponding 

bones on the fluoroscopic images. 

 Results of the present study indicated that 3D femorotibial poses of dogs can be 

measured with a high level of accuracy by use of noninvasive single-plane fluoroscopic 



 
 

45 

analysis. High interobserver and intraobserver repeatability was evident. This method of 

quantifying femorotibial kinematics could be a useful tool to investigate kinematics in 

normal and abnormal stifle joints during a variety of dynamic motions encountered 

during daily activities in clinical subjects. In addition, single-plane fluoroscopic analysis 

could be used to assess the efficacy of surgical procedures performed to improve 

kinematics of diseased stifle joints.  
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Figure 2-1. Photograph of a cadaveric canine hindquarter specimen positioned within 
the C-arm fluoroscope. The jig configuration allowed unrestrained passive 
movement of the hip, stifle, and hock joints (photo courtesy of author). 
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Figure 2-2. Femoral and tibial models used for single-plane fluoroscopic analysis and 

RSA. A) Complete bone models created from initial CT scan data. B) Beaded 
models created from CT data obtained following bead implantation for use 
with the RSA technique (image courtesy of author). 
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Figure 2-3. Local coordinate systems assigned to CT-generated 3D bone models. A) 

Femoral bone model. B) Tibial bone model. Femorotibial kinematics were 
determined by the relative rotations and translations between these bone-
fixed local coordinate systems (image courtesy of author). 
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Figure 2-4. Representative digital images of a canine femur and tibia obtained by use of 

shape-matching software used for modified RSA. A) The CT-derived beaded 
models are matched to implanted metal beads in the craniocaudal-view 
fluoroscopic image. B) Models matched to the lateral-view fluoroscopic image 
(image courtesy of author). 
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Figure 2-5. Representative digital images of a canine femur and tibia shaped matched 

to fluoroscopic images. A) Mediolateral fluoroscopic image. B) Femoral and 
tibial bone models manipulated into a different perspective, compared with 
image A), by use of a free-view function. Manipulation of the viewing angle 
with the free-view function does not affect the position of the bone models in 
the fluoroscopic image (image courtesy of author). 
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Figure 2-6. Bland-Altman plots of the agreement between measurements of translations 

made in 3 trials by use of modified RSA and the mean of these 3 
measurements. Plots determining A) craniocaudal, B) proximodistal, and C) 
mediolateral translations of the femorotibial joint are shown. The solid line 
represents the mean difference between the measurements; the dashed lines 
represent limits of agreement, between which 95% of differences between the 
measurements are expected.  
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Figure 2-7. Bland-Altman plots of the agreement between measurements of rotations 

made in 3 trials by use of a modified RSA and the mean of these 3 
measurements. Plots determining A) flexion-extension, B) abduction-
adduction, C) and internal-external rotations of the femorotibial joint are 
shown. The solid line represents the mean difference between the 
measurements; the dashed lines represent limits of agreement, between 
which 95% of differences between the measurements are expected. 
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Figure 2-8. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA for three translations. Plots determining A) 
craniocaudal A), B) proximodistal, and C) mediolateral translations of the 
femorotibial joint are shown. The solid line represents the mean difference 
between the 2 techniques. The dashed lines represent limits of agreement, 
between which 95% of differences between the 2 techniques are expected. 
Notice how differences between the techniques are not centered around 0 for 
proximodistal translations, due to systematic bias in this DOF.  
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Figure 2-9. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA for three rotations. Plots determining A) flexion-
extension, B) abduction-adduction, and C) internal-external rotations of the 
femorotibial joint are shown. The solid line represents the mean difference 
between the 2 techniques. The dashed lines represent limits of agreement, 
between which 95% of differences between the 2 techniques are expected.  
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Figure 2-10. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA for both observers. Plots determining A) 
craniocaudal, B) proximodistal, and C) mediolateral translations of the 
femorotibial joint for 2 observers are shown. The solid line represents the 
mean difference between the techniques for the 2 observers. The dashed 
lines represent limits of agreement, between which 95% of differences 
between the 2 techniques are expected. Notice how differences between the 
techniques are not centered around 0 for proximodistal translations, due to 
systematic bias in this direction.  
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Figure 2-11. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA for both observers. Plots determining A) flexion-
extension, B) abduction-adduction, and C) internal-external rotations of the 
femorotibial joint for each observer are shown. The solid line represents the 
mean difference between the techniques for the 2 observers. The dashed 
lines represent limits of agreement, between which 95% of differences 
between the 2 techniques are expected. 
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Table 2-1.Comparison of the mean ± SD absolute differences, 95% CIs, and RMS 
errors obtained by use of single-plane fluoroscopic analysis versus a modified 
RSA technique. Evaluation of 6 DOF for all fluoroscopic images, each 
assessed 3 times, in the right pelvic limb of a dog cadaver is presented. 

DOF Difference  
(mean ± SD) 

95% CI RMS error 

Craniocaudal (mm) 0.60 ± 0.51 0.48–0.72 0.79 

Proximodistal (mm) 1.28 ± 0.60 1.14–1.42 1.42 

Mediolateral (mm) 0.64 ± 0.58 0.51–0.77 0.91 

Flexion-Extension (°) 0.63 ± 0.56 0.50–0.76 0.84 

Abduction-Adduction (°) 1.49 ± 1.26 1.20–1.78 2.00 

Internal-External (°) 1.58 ± 1.16 1.31–1.85 2.01 

 
 
 
Table 2-2.Intraobserver and interobserver variation (mean SDs) of DOF measurements 

obtained via single-plane fluoroscopic analysis of the femorotibial joint by 2 
observers. 

       Translations (mm)   Degrees (º)  

 Craniocaudal  Proximodistal 

 

Mediolateral  Flexion- 

Extension  

Abduction-

Adduction  

Internal-

External  

Intraobserver 

variability 
0.25 0.32 0.52 0.52 1.19 1.36 

Interobserver 

variability 
0.27 0.46 0.52 0.78 0.91 0.82 

Intraobserver data represent analysis completed 3 times on all fluoroscopic images by the primary 
observer. Interobserver data represent analysis completed on all fluoroscopic images by both observers. 
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Table 2-3.Mean absolute differences between results of single-plane fluoroscopic 

analysis and a modified RSA for DOF measurements of the femorotibial joint 
over 3 trials. 

  Translations (mm)   Rotations (º)  

Trial Craniocaudal  Proximodistal  Mediolateral  
Flexion-

Extension 

Abduction-

Adduction 

Internal-

External  

1 0.74a 1.01a 0.95a 0.81a 1.94a 1.93a 

2 0.50a 1.25b 0.59b 0.52a 1.55a,b 1.65a,b 

3 0.55a 1.58b 0.38b 0.55a 0.98b 1.15b 

a,b Within a column, values with different superscript letters are significantly (P < 0.05) different. Each 
analysis was repeated 3 times.  
 

 

Table 2-4.Mean absolute differences between results of single-plane fluoroscopic 
analysis and RSA for DOF measurements of the femorotibial joint obtained by 
2 observers. 

  Translations (mm)   Degrees (º)  

Observer Craniocaudal  Proximodistal  Mediolateral  
Flexion-

Extension 

Abduction-

Adduction 

Internal-

External 

1 0.74a 1.01a 0.95a 0.81a 1.94a 1.93a 

2 0.46a 1.06a 0.75a 1.03a 1.04b 1.18b 

See Table 3 for key. 
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CHAPTER 3 
ACCURACY OF NONINVASIVE, SINGLE PLANE FLUOROSCOPIC ANALYSIS FOR 

MEASUREMENT OF THREE-DIMENSIONAL FEMOROTIBIAL JOINT POSES IN 
DOGS TREATED BY TIBIAL PLATEAU LEVELING OSTEOTOMY 

Introduction 

 Tibial plateau leveling osteotomy has become one of the most commonly 

performed surgical procedures to treat cranial cruciate ligament insufficiency in dogs.103 

By reducing the caudodistally angulated slope of the tibial plateau, TPLO is purported to 

neutralize the cranially directed shear force across the stifle joint generated during 

weight bearing, thereby eliminating cranial tibial subluxation.104 Clinical outcomes are 

reported to be good to excellent in approximately 90% of cases, yet little is known about 

in vivo biomechanics in stifle joints treated by TPLO. Several cadaveric studies105-107 

support the proposed mechanism behind the procedure, in which cranial tibial 

subluxation was consistently eliminated in cranial cruciate ligament–deficient stifle joints 

treated by TPLO; however, a recent clinical radiographic study108 found one-third of 

dogs had persistent cranial tibial subluxation during standing after surgery. The effect of 

TPLO during dynamic activities remains unknown. 

 Given that cranial tibial subluxation of TPLO-treated stifle joints can persist 

during static weight bearing,108 it is possible that craniocaudal instability is also present 

during ambulation. In addition, TPLO was originally developed only to address instability 

in the sagittal plane104; it is unknown how this procedure affects other stifle joint 

rotations and translations. Abnormal joint kinematics may be responsible for the 

progression of osteoarthritis seen in stifle joints treated by TPLO.92,93 A better 

understanding of the in vivo effects of TPLO on joint stability may enable refinement of 
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the clinical techniques and recommendations for dogs with cranial cruciate ligament 

insufficiency. 

 The ability to detect subtle kinematic abnormalities requires precise methods for 

tracking joint motion. Hybrid implant-bone modeling involves the creation of a 3D model 

incorporating both bone and implant geometry.97 Single-plane fluoroscopy performed by 

use of CT-derived bone models has been used to accurately quantify joint kinematics 

during dynamic activities in various joints of humans.46,97,109 The principal advantage of 

this technique over other kinematic analysis methods includes the use of readily 

accessible equipment and the lack of requirement to surgically place bone markers. 

However, the accuracy of this kinematic analysis technique in TPLO-treated dogs 

cannot be extrapolated from human studies due to differences in osseous morphology 

and implant geometry; validation of single-plane fluoroscopy for TPLO-treated dogs is 

therefore required to conduct in vivo dynamic studies that use this methodology. 

Radiostereometric analysis is accepted as the gold-standard method for tracking 

bone motion,58 with an error accuracy of 0.06 mm for translations and 0.31° for rotations 

described in dogs.66 The purpose of the study reported here was to determine the 

accuracy of a digital hybrid implant-bone model-based single-plane fluoroscopic 

technique for measuring 3D femorotibial poses in a TPLO-treated canine stifle joint. We 

hypothesized that single-plane fluoroscopic analysis would offer a high degree of 

accuracy for rotations and translations in the sagittal plane (flexion-extension, 

craniocaudal, and proximodistal), with reduced accuracy for rotations and translations 

out of the sagittal plane (mediolateral, abduction-adduction, and internal-external), and 

that this technique would have a high level of inter- and intraobserver repeatability. 
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Materials and Methods 

Specimen Preparation 

 The pelvis and intact normal pelvic limbs were collected by disarticulation at the 

lumbosacral joint from a 25-kg skeletally mature dog that was euthanized for reasons 

unrelated to the study. A CT scana of both pelvic limbs, from the hips to the tarsocrural 

joint was obtained. Radiopaque marker beads of 2 mm diameter were implanted into 

the cortices of the left femur and tibia for determining the precise position and 

orientation of the femur and tibia relative to each other, by use of a digital modification 

to the originally described RSA.58 The left cranial cruciate ligament was transected via a 

medial stifle joint arthrotomy, and a TPLO was performed by a board-certified surgeon 

(SEK), as described.104 The osteotomy was stabilized with a precontoured, locking 3.5-

mm TPLO plateb by use of 3.5-mm locking-screws in the plateau segment and 3.5-mm 

cortical screws in the distal tibial segment. By use of a 3D laser scanner,c a digital 3D 

model of the plate and locking screws was created by scanning an identical plate–

locking-screw construct as used in the specimen. Exact anatomic positioning of the 

marker beads was not required; beads were positioned such that most markers would 

not overlap or be obscured by metallic TPLO implants on orthogonal fluoroscopic 

images. Following marker bead implantation and TPLO, a second CT scan was 

obtained in similar fashion. 

                                            
a Toshiba Aquilon 8, Toshiba American Medical Systems Inc, Tustin, Calif. 
b Standard 3.5-mm Synthes locking TPLO plate, Synthes, Paoli, Pa. 
c 3D Scanner HD, NextEngine, Santa Monica, Calif. 
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Fluoroscopic Image Acquisition 

 The specimen was mounted to a custom-designed jig that allowed unconstrained 

passive movement of the hip, stifle, and hock joints; the specimen was positioned with 

the left stifle joint centered within the field of view of the fluoroscope with a source-to-

detector distance of 1,100 mm. Optical geometry of a ceiling-mounted fluoroscopic 

systemd was determined by use of a calibration object with known spatial positions of 

metal beads.42 This object measured 160 X 160 X 160 mm and contained 35 

radiopaque metal beads; a CT scan of the calibration object allowed accurate 

determination of these metal bead locations. The x-ray source was configured to supply 

a 76-kV beam with a 20-mA beam current by use of a 1-shot fluoroscopy acquisition 

program. The flat panel detector had a field of view of 40 X 30 cm; image resolution was 

1,024 X 1,024 pixels. By use of a goniometer, the left stifle joint was sequentially 

positioned at 5 flexion angles, ranging from 150° to 110° of extension, to simulate a 

normal gait cycle range of motion. With the right limb manually moved out of the field of 

view, mediolateral and craniocaudal projection fluoroscopic images of the left stifle joint 

were obtained for each pose, while ensuring the specimen did not move between 

orthogonal image acquisitions. Images were acquired through 5 individual gait cycles. 

3D Model Creation and Coordinate Assignation 

 Three-dimensional bone models were created from CT-scan digital imaging and 

communication in medicine images by use of an open source 3D segmentation software 

program.e This semiautomatic application uses bone contour edges to create surface 

                                            
d Toshiba Infinix-i flat panel C-arm fluoroscope, Toshiba American Medical Systems Inc, Tustin,  Calif. 
e ITK-SNAP, version 2.2, ITK-SNAP.org, Philadelphia, Pa. Available at: www.itksnap.org. Accessed Feb 
10, 2013. 
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models of the bones.98 For single-plane fluoroscopic analysis of the stifle joint, the 

femoral bone model was created from the first CT scan, which was free from any metal 

artifact (Figure 3-1). A reverse engineering software programf was used to construct a 

hybrid tibial bone model by amalgamating scan data from the first and second CT 

scans, as well as the laser-scanned TPLO plate-screw construct. The initial CT scan 

was used to create a tibial model free from artifact associated with the metallic implants. 

Data from the second CT scan were used to ascertain the precise position of the 

implanted plate-screw construct on the tibia. The laser-scanned TPLO plate-screw 

construct was then superimposed over this tibial model. For RSA, marker-based models 

were created from the second CT scan. Femoral and tibial 3D models used for RSA did 

not include the bone, bone plate, or screws around the implanted metallic beads and 

only contained the implanted beads in these regions (Figure 3-2). 

 The RSA marker-models were aligned with the corresponding hybrid bone 

models and coordinate systems were applied simultaneously to both models. This 

eliminated variability in the comparative measurements that may have occurred from 

use of different coordinate systems for each 3D model. Femoral coordinates were 

applied so that the mediolateral axis passed through the center of the lateral and medial 

femoral condyles with the femoral origin located at the midpoint between the centers of 

the condyles, on this axis. The proximodistal axis passed proximally, perpendicular to 

the mediolateral axis at the origin, in a plane common to the center of both femoral 

condyles and the femoral head. Tibial coordinates were applied so that the mediolateral 

axis passed from the outermost edge of the lateral and medial tibial condyles; the tibial 

                                            
f Geomagic Studio, Geomagic Inc, Research Triangle Park, NC. 
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point of origin was set midway between these 2 points on the mediolateral axis. The 

proximodistal axis passed from distal to proximal, perpendicular to the tibial origin in a 

plane common to the mediolateral axis and the midpoint of the distal portion of the tibia. 

The craniocaudal axes for the femur and tibia were created from the cross-product of 

the mediolateral and proximodistal axes, creating a Cartesian coordinate system. 

3D to 2D Shape-Matching 

 Two-dimensional fluoroscopic images and 3D bone and hybrid models were 

imported into a custom written open-source shape-matching software program.g For the 

biplanar RSA, 3D models of implanted beads were superimposed over the mediolateral 

and craniocaudal projection fluoroscopic images simultaneously and manually 

manipulated to overlie the beads in the orthogonal fluoroscopic images (Figure 3-2). 

This process was repeated 3 times for all images to assess for repeatability of the 

modified RSA technique. For the single-plane fluoroscopic analysis, the femoral and 

hybrid tibial 3D models were superimposed over the mediolateral fluoroscopic images 

and manually manipulated to match the silhouette of the respective bones and metallic 

implants (Figure 3-3). Each individual fluoroscopic frame was analyzed in a random 

fashion so that the shape-matching from one frame could not bias the next 

corresponding frame in that gait cycle. All frames were analyzed 3 times by the primary 

observer (SCJ) to assess intraobserver repeatability. A second observer (GT) 

completed the process once for all 5 gait cycles, to assess interobserver variability. 

Interobserver variability was assessed by comparing the 5 cycles completed the first 

time by the primary observer with the 5 cycles completed by the second observer. Both 

                                            
g JointTrack, Department of Mechanical and Aerospace Engineering, College of  Engineering, University 
of Florida, Fla. Available at: ufdc.ufl.edu/UFE0021784/00001. Accessed Feb 10, 2013. 
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observers underwent training in the shape-matching procedure before study 

commencement; this involved tutoring from an engineer experienced with the 

fluoroscopic analysis technique (SAB). Three-dimensional position and orientation of 

each bone model was determined from the shape-matching software; these data were 

then imported into a custom-written transformation matrix decomposition programh, 

which transformed the data into clinically relevant femorotibial poses in 6 DOF.99 

Statistical Analysis 

 A statistical software package was used for all analyses.i Rotations (flexion-

extension, abduction-adduction, and internal-external) and translations (craniocaudal, 

mediolateral, and proximodistal) calculated by use of RSA and single-plane fluoroscopic 

analysis were compared. The accuracy for each DOF was defined by the mean 

absolute difference and RMS errors between RSA and single-plane fluoroscopic 

analysis. Intraobserver repeatability was assessed by comparing the 3 trials completed 

by the primary observer. Standard deviations were determined for each DOF, from each 

fluoroscopic frame over the 3 times they were analyzed. A single repeatability measure 

was determined by calculating the mean SD for each DOF (75 frames).66 Intraobserver 

variation was further assessed by use of a 1-way repeated-measures ANOVA for the 

absolute difference between results of the fluoroscopic analysis and RSA for all 5 cycles 

that were completed 3 times. Interobserver agreement was assessed by use of a paired 

t test performed on the absolute difference between the single-plane fluoroscopic 

analysis and RSA for each DOF. Similarly, repeatability was assessed by determining 

                                            
h Matlab, MathWorks, Natick, Mass. 
i SigmaPlot, version 12, Systat Software Inc, San Jose, Calif. 
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the SD for each DOF in each fluoroscopic frame measured by both observers, with 

overall repeatability described with the mean SD for each DOF. The agreement 

between the fluoroscopic analysis and RSA for both intra- and interobserver analysis 

was further described by the limits of agreement approach, as described by Bland and 

Altman.100 Agreement between the measurements, repeated 3 times on all biplanar 

images by use of the modified RSA, was evaluated by use of Bland-Altman plots. For all 

statistical analyses, values of P < 0.05 were considered significant. 

Results 

 Agreement between the repeated biplanar images by use of the modified RSA 

was very high, as demonstrated by narrow 95% limits of agreement in all 6 DOF on 

Bland-Altman plots (Figures 3-4 and 3-5). The absolute value of the differences of the 

means for single-plane fluoroscopic analysis and RSA were determined (Table 3-1). 

Mean absolute differences between the 2 techniques were d1.05 mm for all translations, 

and d�1.08° for all rotations. The RMS errors between the single-plane fluoroscopic 

analysis and RSA were d�1.23 mm all translations, and d�1.44° for all rotations. For 

intraobserver repeatability, no significant differences were found between RSA and 

fluoroscopic analysis in the absolute mean differences in any of the 6 DOF 

measurements, over the 3 times kinematics were measured (Table 3-2). Intraobserver 

mean SDs were d�0.59 mm for all translations and d�0.93° for all rotations (Table 3-3). 

For interobserver repeatability, mean SDs were d�0.56 mm for all translations and 

d�0.84° for all rotations. The absolute differences between results of the fluoroscopic 

analysis and RSA for both observers revealed a significant (P = 0.044) difference only 

for mediolateral translation (Table 3-4). Bland-Altman plots revealed narrow 95% limits 
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of agreements for all 6 DOF within (Figures 3-6 and 3-7) and between (Figures 3-8 and 

3-9) observers. 

Discussion 

 Consistent with the primary hypothesis, results indicated that single-plane 

fluoroscopic analysis with hybrid implant-bone models was a highly accurate method for 

measuring 3D femorotibial joint kinematics in stifle joints treated by TPLO. The largest 

mean difference between RSA and single-plane fluoroscopy was d1.05 mm for 

translations and d�1.08° for rotations. The results were in accordance with similar 

human kinematic studies41,42 that used a single-plane fluoroscopic technique, in which 

normal knees and knees modified with metallic implants had reported mean errors of    

≤  1.20  mm  for  sagittal  plane  translations  and  ≤  1.30°  for  all  rotations. 

 Results of the initial study in normal dog stifles indicated that single-plane 

fluoroscopic analysis of a normal limb by use of CT-derived bone models has a high 

order of accuracy. Results of the study reported here suggest that accuracy was higher 

with hybrid implant-bone models, compared with bone-only models. Greater accuracy 

was found for all 6 DOF, compared with accuracy attained by use of this single-plane 

fluoroscopy technique in a normal canine pelvic limb. The TPLO-treated tibia had more 

marker beads and wider bead dispersion, compared with the normal tibia. This was 

conducted to avoid metal overlap between the TPLO plate and the beads on the 

fluoroscopic images. Both of these factors may have nominally increased the accuracy 

of the modified RSA. The mean absolute difference between results of RSA and single-

plane fluoroscopic analysis for TPLO-treated stifle joints was smaller than the values 

obtained from normal stifle joints by 0.26, 0.23, and 0.16 mm for craniocaudal, 
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proximodistal, and mediolateral translations, respectively, and 0.07°, 0.64°, and 0.50° 

for flexion-extension, abduction-adduction, and internal-external rotations, respectively. 

Of particular note was the increased accuracy attained with abduction-adduction and 

internal-external rotations. These rotations are out of the sagittal plane. Lateral 

projection single-plane fluoroscopy has excellent accuracy for motions in the sagittal 

plane with reduced accuracy for out-of-plane rotations and translations.42 We suspect 

that the well-defined geometry of the metallic implants in the TPLO-treated stifle joint 

made the shape-matching process more accurate. The laser-scanned plate and locking 

screws in the hybrid model was of particular benefit in orientating the model for 

abduction-adduction and internal-external rotations, which were more subtle and difficult 

to detect on the lateral view fluoroscopic images of normal bones. 

 In contrast to the normal limb, in which significant differences in the mean 

absolute error between RSA and single-plane fluoroscopic analysis were found in 4 of 

the 6 DOF, no significant differences were found for any of the 6 DOF in the TPLO-

treated stifle joint over the 3 times they were measured. The improved repeatability of 

this technique is again attributed to the improved accuracy attained when the TPLO 

plate and locking screw construct was used in the hybrid model for the shape-matching 

process. Interobserver repeatability for single-plane fluoroscopic analysis was also high, 

with no significant differences observed in the magnitude of error between 2 observers 

for 5 of the 6 DOF. A significant difference in errors between observers was found for 

mediolateral translations. Motion in this plane is perpendicular to the radiographic beam, 

making assessment of this variable difficult by use of the single-plane fluoroscopy 

method. The mediolateral alignment of the stifle joint is highly constrained in dogs and 
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could be estimated during the shape-matching process by use of the free-view feature 

in the shape-matching software.g The free-view function allows the operator to view and 

manipulate the femoral and tibial bone models from any perspective; major 

discrepancies in the mediolateral alignment between femur and tibia could be visualized 

and corrected for as described above. The accuracy in the mediolateral translations was 

thus  a  reflection  of  the  observer’s  best  guess  in  this  DOF;;  therefore,  we  do  not  

recommend the use of this technique for assessing mediolateral stifle joint translations. 

During 3D model creation, it was possible to preserve the tibial plateau in the hybrid 

tibial model. This aided shape matching, particularly in relation to proximodistal 

translations and abduction-adduction rotations. Because of CT metal artifact, the 

position of the TPLO plate and screws dictate the regions of bone that can be 

reconstructed into the 3D model. It must be noted that the application of a more 

proximal TPLO plate may preclude the ability to reconstruct the tibial plateau, which 

could potentially affect the ability to define the exact relationship of the femoral and tibial 

articulating surfaces. A TPLO plate and locking screws, identical to the implanted 

construct, were laser scanned and incorporated into the hybrid tibial 3D model. Cortical 

screws were not included in this scanned model due to the directional variability 

encountered during screw placement. A TPLO performed by use of only cortical screws 

would therefore preclude the ability to incorporate screws in the laser-scanned model, 

likely with an associated reduction in accuracy. Improperly placed locking screws would 

not identically match a corresponding laser-scanned locking screw construct and is a 

limitation to this technique. 
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 The limitations of this fluoroscopic analysis technique have been thoroughly 

described above. In brief, images were obtained under static conditions, which may not 

reliably replicate dynamic in vivo image quality. Furthermore, limb overlap, which is 

inevitable in dynamic trails and could affect the accuracy of this technique, was avoided 

in the present study. Fluoroscopic images were analyzed in random fashion; however, a 

previous dynamic trial revealed that similar or improved accuracy may be attainable 

when performed in vivo due to operator knowledge of bone position and orientation in 

the previous frame.102 The shape-matching technique involves a distinct learning curve; 

the accuracy of future studies will be dependent on the training of the individual and the 

attention to detail with the shape-matching process. Contrary to our hypothesis of 

greatest accuracy in the sagittal plane, inaccuracy of proximodistal translations was 

more than twice that of the other translations. We ascribe this apparent reduced 

accuracy for the proximodistal parameter to the graphic method used to superimpose 

the bones on the fluoroscopic image. Finally, potential variations in the accuracy of this 

technique may be associated with dogs of different sizes, anatomic anomalies, or 

radiographically evident disease such as osteoarthritis. 

 Single-plane fluoroscopic analysis by use of bone and hybrid implant-bone 

models had excellent accuracy for measuring 3D femorotibial poses in dogs following 

TPLO. This technique may allow for noninvasive, accurate quantification of femorotibial 

kinematics in clinical subjects that have undergone TPLO to treat cranial cruciate 

ligament insufficiency. 
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Figure 3-1. Digital 3D femoral and hybrid implant-tibia bone models. A) Femoral model 

created from initial CT scan data of a cadaveric hindquarter specimen from a 
dog. B) Digital 3D hybrid implant-tibial model constructed from pre- and post-
TPLO CT scans and laser-scanned TPLO implants (image courtesy of 
author).
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Figure 3-2. Representative digital images of CT-derived canine femur and tibial beaded 
models used for a modified RSA. The CT models are matched by use of 
implanted metal beads that appear blue and orange. A) Craniocaudal 
fluoroscopic image. B) Mediolateral fluoroscopic imagee (image courtesy of 
author). 
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Figure 3-3. Representative digital images of femoral and hybrid-tibial bone models 

matched up to single-plane fluoroscopic images. The femoral model was 
derived from the first CT scan; the tibial model was derived from a 
combination of the first and second CT scans, as well as a laser scan of an 
identical TPLO plate-screw construct. The femoral and tibial models are 
matched to the silhouette of the bones and TPLO implants on the lateral-view 
fluoroscopic image. A) Use of edge-detection mode for shape matching. B) 
Use of 3D mode for shape matching (image courtesy of author). 
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Figure 3-4. Bland-Altman plots of the agreement between measurements made in 3 

trials by use of modified RSA and the mean of these 3 measurements for 
translations. Plots determining A) craniocaudal, B) proximodistal, and C) 
mediolateral translations of the femorotibial joint treated by TPLO are shown. 
The solid line represents the mean difference between the measurements; 
the dashed lines represent limits of agreement, between which 95% of 
differences between the measurements are expected.  
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Figure 3-5. Bland-Altman plots of the agreement between measurements made in 3 

trials by use of modified RSA and the mean of these 3 measurements for 
rotations. Plots determining A) flexion-extension, B) abduction-adduction, and 
C) internal-external rotations of the femorotibial joint treated by TPLO are 
shown. The solid line represents the mean difference between the 
measurements; the dashed lines represent limits of agreement, between 
which 95% of differences between the measurements are expected.  
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Figure 3-6. Bland-Altman plots indicating the agreement between single-plane 

fluoroscopic analysis and a modified RSA technique for translations. Plots 
determining A) craniocaudal, B) proximodistal, and C) mediolateral 
translations of the femorotibial joint treated by TPLO are shown. The solid line 
represents the mean difference between the 2 techniques. The dashed lines 
represent limits of agreement, between which 95% of differences between the 
2 methods are expected.  
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Figure 3-7. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA technique for rotations. Plots determining A) 
flexion-extension, B) abduction-adduction, and C) internal-external rotations 
of the femorotibial joint treated by TPLO are shown. The solid line represents 
the mean difference between the 2 techniques. The dashed lines represent 
limits of agreement, between which 95% of differences between the 2 
methods are expected.  
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Figure 3-8. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA technique for both observers. Plots determining 
A) craniocaudal, B) proximodistal, and C) mediolateral translations of the 
femorotibial joint treated by TPLO for 2 observers are shown. The solid line 
represents the mean difference between the techniques for the 2 observers. 
The dashed lines represent limits of agreement, between which 95% of 
differences between the 2 techniques are expected.  
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Figure 3-9. Bland-Altman plots of the agreement between single-plane fluoroscopic 

analysis and a modified RSA technique for both observers. Plots determining 
A) flexion-extension, B) abduction-adduction, and C) internal-external 
rotations of the femorotibial joint treated by TPLO for 2 observers are shown. 
The solid line represents the mean difference between the techniques for the 
2 observers. The dashed lines represent limits of agreement, between which 
95% of differences between the 2 techniques are expected.  
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Table 3-1.Comparison of the mean ± SD absolute differences, 95% CIs, and RMS 
errors obtained by use of single-plane fluoroscopic analysis versus a modified 
RSA technique. Evaluation of 6 DOF for all fluoroscopic images, each 
assessed 3 times in the femorotibial joint treated by TPLO is presented.  

DOF Difference  
(Mean ± SD) 

95% CI RMS error 

Craniocaudal (mm) 0.34 ± 0.32 0.30–0.38 0.39 

Proximodistal (mm) 1.05 ± 0.64 0.91–1.19 1.23 

Mediolateral (mm) 0.48 ± 0.39 0.39–0.57 0.62 

Flexion-extension (°) 0.56 ± 0.37 0.48–0.64 0.67 

Abduction-adduction (°) 0.85 ± 0.86 0.66–1.04 1.20 

Internal-external (°) 1.08 ± 0.97 0.86–1.30 1.44 

 
 
Table 3-2.Mean absolute differences between results of single-plane fluoroscopic 

analysis and a modified RSA of DOF measurements repeated over 3 trials, in 
the femorotibial joint treated by TPLO. 

  Translations (mm)   Rotations (º)  

Trial Craniocaudal Proximodistal Mediolateral 
Flexion-

Extension 

Abduction-

Adduction 

Internal-

External  

1 0.31 1.30 0.41 0.56 0.95 1.39 

2 0.41 0.99 0.49 0.57 0.66 1.00 

3 0.29 0.85 0.53 0.56 0.93 0.84 
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Table 3-3.Intraobserver and interobserver variation (mean SDs) of DOF measurements 
obtained by use of single-plane fluoroscopic analysis of the femorotibial joint 
treated by TPLO by 2 observers. 

  Translations (mm)   Rotations (º)  

Variable Craniocaudal Proximodistal Mediolateral 
Flexion-

Extension 

Abduction-

Adduction 

Internal-

External 

Intraobserver 0.33 0.59 0.41 0.31 0.91 0.93 

Interobserver 0.38 0.46 0.56 0.37 0.61 0.84 

Interobserver data represents analysis completed 3 times on all fluoroscopic images by the primary 
observer. Intraobserver data represents analysis completed on all fluoroscopic images by both observers. 
 
 
Table 3-4.Mean absolute differences between results of single-plane fluoroscopic 

analysis and a modified RSA for DOF measurements of the femorotibial joint 
treated by TPLO by 2 observers. 

  Translations (mm)   Rotations (º)  

Observer Craniocaudal Proximodistal Mediolateral 
Flexion-

Extension 

Abduction-

Adduction 

Internal-

External 

1 0.31a 1.30a 0.41a 0.56a 0.95a 1.39a 

2 0.51a 1.08a 0.69b 0.36a 0.99a 1.17a 

a,b Within a column, values without the same superscript letter grouping are significantly (P < 0.05) 
different. 
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CHAPTER 4 
IN VIVO THREE-DIMENSIONAL KNEE KINEMATICS DURING DAILY ACTIVITIES IN 

DOGS 

Introduction 

 Understanding stifle kinematics in the dog is of considerable interest for both 

human and veterinary orthopedists. The dog stifle is morphologically similar to the 

human knee, thus the dog has been frequently used as an experimental model to study 

knee injuries in people.110 The CrCL-deficient dog model, known as the Pond-Nuki 

Model, reliably causes joint degeneration, and is commonly utilized to investigate the 

intrinsic relationship between abnormal kinematics and the development of 

osteoarthritis.111,112 The dog stifle has been also used to study posterolateral injuries,113 

meniscectomy,114 meniscal repair techniques115 and meniscal regeneration.116 

Additionally, one of the leading causes of pelvic limb lameness in dogs is naturally 

occurring CrCL degeneration, which is estimated to cost US pet owner $1.3 billion 

annually.86 Comparative anatomical studies have presented both differences and 

similarities between the human and dog knee.110  

 Defining normal kinematic parameters over a range of different daily activities is 

required to recognize pathologic patterns of motion as well as establish optimal 

treatment goals for joint disorders; unfortunately, there is little detailed information on 

such baseline values for the dog stifle. High-precision 3D in vivo stifle kinematics in 

normal dogs has been described in two experimental studies.67,82 These investigations 

were limited by the fact that the primary focus was to assess abnormal motion 

associated with CrCL deficiency, and normal kinematic patterns were not thoroughly 

described. One of these studies also adopted invasive methodology to track kinematics, 

which may have influenced natural gait patterns.82 Additionally, the analyses were 
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restricted to straight-line ambulation. The objective of the current study was to 

characterize high-precision, 3D in vivo stifle kinematics in healthy dogs during different 

activities using a non-invasive 3D-to-2D model registration technique.  

Materials and Methods  

Six client-owned, adult Labrador retrievers with a mean age of 4 years (range 1 – 

7 years) and mean weight of 28 kg (26 – 32 kg) were studied. The study was approved 

by  the  University’s  Institutional  Animal  Care  and  Use  Committee  and  signed  owner  

consent was obtained. No discernable abnormalities were detected on orthopedic 

examination, as conducted by a board certified veterinary surgeon (S.E.K.).  

3D Model Creation and Coordinate Assignation 

 Computed tomographic (CT) scansa of the pelvic limbs were obtained. CT scans 

used a 512x512 image matrix, a 0.35 x 0.35 pixel dim, and 1-mm slice thickness over 

the full length of the femur and tibia. The scans confirmed absence of pelvic limb 

orthopedic disease in all dogs. The cortical bone margins were segmented using an 

open source 3D segmentation software programb as described above. These point-

clouds were converted into polygonal surface models with a reverse engineering 

software program.c Anatomic coordinate systems were applied to each model as 

described above and previously for the dog.66 In brief, the mediolateral (Z) axis of the 

femur was defined by a line passing through the center of two spheres fitted to each 

femoral condyle; for the tibia, the mediolateral axis was defined by a line passing 

                                            
a Toshiba Aquilon 8, Toshiba American Medical Systems Inc, Tustin, Calif. 
b ITK-SNAP, version 2.2, ITK-SNAP.org, Philadelphia, Pa. Available at: www.itksnap.org. Accessed June 
20, 2013. 
c Geomagic Studio, Geomagic Inc, Research Triangle Park, NC. 
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through the most abaxial points of the medial and lateral tibial condyles. The 

proximodistal (Y) axes were defined by lines perpendicular to the mediolateral axes in 

the plane intersecting the femoral head center and talocrural center for the femur and 

tibia, respectively. The cranio-caudal (X) axes were formed from the cross product of 

the first two. The center of the CrCL origin and insertion were used as the specific 

points to define joint translations, as previously described.66  

Fluoroscopic Image Acquisition 

 All dogs were habituated to treadmill ambulation, stair ascent and stand-to-sit 

activities with biweekly training sessions for 1 month prior to data collection. All dogs 

acclimated well to the daily activities tested, and were subjectively assessed as 

performing the motions in a non-stressful manner by the time of data collection. 

Continuous mediolateral view fluoroscopic images of the stifles were acquired during 

treadmill walk, treadmill trot, stand-to-sit, and stair-ascent activities using a ceiling-

mounted fluoroscopic system with the flat panel detectord (Figure 4-1). Prior to 

fluoroscopic image acquisition, optical geometry (principal point and principal distance) 

of the fluoroscopy system was determined using fluoroscopic images of a calibration 

target as described above.42 For data collection, images were obtained using a pulse 

rate of 30 frames/s, pulse width of 1 ms, and an image area of 410 x 300 mm, giving a 

0.20 mm x 0.20 mm pixel resolution. The x-ray source was configured to supply a 72 kV 

beam with a 50 mA beam current; slight adjustments to these parameters were made 

between dogs to obtain optimal cortical bone definition. 

                                            
d Toshiba Infinix-i flat panel C-arm fluoroscope, Toshiba American Medical Systems Inc, Tustin, Calif. 
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 Dogs walked on a treadmill at a velocity of 1.1 m/s (2.5 mph) and trotted at a 

velocity of 2 m/s (4.5 mph); consistent with that previously reported.67 For the walk and 

trot, fluoroscopic imaging was obtained for 10 full gait cycles. A full gait cycle was 

defined  as  ‘paw-strike’  to  ipsilateral  ‘paw-strike’.  To determine the phase of the gait 

cycle on the fluoroscopic images, high-speed video recordingse were captured at 60 

frames/sec, with a shutter speed of 1/1000 s, and were visually synchronized frame by 

frame with fluoroscopic images during these activities. Custom made stairs, consisting 

of 3 steps with a rise-height and run-length of 25 cm and 26 cm respectively were 

utilized for the stair-ascent activity.  Due to the limited fluoroscopic field-of-view, 

acquisition of a complete gait cycle during stair ascent was not possible. Stairs were 

positioned so that the stance phase of stair ascent kinematics could be captured within 

the fluoroscopic field of view.  The stand-to-sit activity involved instructing the dog to sit 

on command with the pelvic limbs positioned within the fluoroscopic field of view. Thus, 

stair ascent measured femorotibial kinematics from flexion to full extension while the 

stand-to-sit activity measured femorotibial kinematics from extension to full flexion. Each 

subject commenced the stair-ascent and stand-to-sit activities at slightly different flexion 

angles; thus, a maximum stifle flexion angle and maximum stifle extension angle, 

common to all subjects were selected as starting points for stair-ascent and stand-to-sit 

activities, respectively. 

3D to 2D Shape-Matching 

 The 3D positions of the femur and tibia/fibula were determined using the 3D-2D 

shape matching technique described above and previously.21,41,42 As described in 

                                            
e Canon Vixia HF G10, Melville, NY 
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Chapter 2, the accuracy of this technique in dogs was found to be within 1.3 mm for 

translations and 1.6q for rotations. The CT bone models were projected onto the 

fluoroscopic images and manually aligned to the bone projections using open-source 

shape-matching softwaref (Figure 4-2). Three-dimensional femorotibial kinematics were 

determined from the 3D position of each bone model using cardan angles, as previously 

described.99  

Statistical Analysis 

 Each gait cycle was time normalized using spline interpolation at 1% intervals 

from 0-100%. Time normalization allowed averaging of the data across multiple cycles 

for individual dogs, despite differences in cadence between trials and between dogs. Of 

the ten gait cycles captured for the walk and trot, the three cycles that subjectively were 

best captured in the field of view, were chosen for analysis. Due to difficulty in obtaining 

adequately positioned stifle fluoroscopic images, only two stand-to-sit and one stair 

ascent activities were analyzed in each dog. The kinematics for these two activities 

were similarly interpolated, using a common starting stifle flexion angle in all dogs. One-

way ANOVA and Tukey post-hoc tests (p < 0.05) were used to examine differences 

among overall results.  Pearson correlations were used to assess for any coupling in 

motion for selected kinematic parameters. 

Results 

 Average flexion patterns for both the walk and trot treadmill gait were similar. A 

biphasic flexion-extension pattern was observed, where the stifle extended during the 

first 10% of stance phase; for the remainder of stance phase there was slight flexion 

                                            
f JointTrack, Department of Mechanical and Aerospace Engineering, College of  Engineering, University 
of Florida, Fla. Available at: ufdc.ufl.edu/UFE0021784/00001. Accessed Feb 10, 2013. 
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followed by slight extension. Swing phase was characterized by large flexion followed 

by large extension, with the extension continuing into early stance phase. Trotting 

encompassed a wider range of flexion-extension motion when compared to walking by 

18q (P < 0.05). The stifle flexed to an average of 30q during sitting, and extended to an 

average of 145q during stair ascent, linearly over time, for the portion of these activities 

captured by fluoroscopy. Maximum stifle extension did not differ between the walk and 

trot (P = 0.98). Maximum extension during stair ascent was less compared to the walk 

and trot by an average of 6º (P < 0.05).  

 Increasing flexion was associated with increased internal tibial rotation for all 

activities (P <0.01, r =0.83); the exact relationship between axial rotational alignment 

and flexion angle varied both within and between activities (Figure 4-3). During the walk 

and trot, external rotation of the internally rotated tibia occurred at paw-strike and during 

early stance phase; neutral alignment was sustained for the remainder of stance phase. 

During the swing phase, the tibia rotated from 1q of external rotation to 8q of internal 

rotation, and from 4q of external rotation to 11q of internal rotation for the walk and trot, 

respectively. The tibia then began externally rotating at the end of active extension of 

the swing phase. Overall, axial rotational range of motion was greater during the trot 

than at walk (P <0.01). Offset, which was defined as significant differences in secondary 

displacements of the stifle observed at identical flexion angles within and between 

activities,117 was evident for axial rotational alignment during walking and trotting. For 

instance, at a stifle flexion angle of 120q for the trot, there was external tibial rotation of 

2q during early swing phase, and internal tibial rotation of 11q during early stance phase 

(P = 0.03) (Figure 4-4). Coupling between internal-external rotation and flexion-
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extension for stair ascent (r = 0.83) resembled the pattern that was observed during 

early swing phase of trot (r = 0.96) During deep flexion of sitting, internal rotation was 

coupled with flexion (r = 0.95), but axial rotational alignment was still within the range 

observed during other activities despite the deeper flexion found during the sit activity. 

Increased flexion was correlated with mildly increased abduction angulation for 

all activities (Figure 4-5). Abduction was closely correlated with flexion angle for both 

the walk and trot (r = 0.91, 0.87 respectively).  During the trot, a mildly abducted tibia 

gradually adducted over the duration of stance phase; during walking the joint was in 

neutral coronal plane alignment at pawstrike, but became mildly adducted over stance 

phase. During swing phase, the tibia angulated from 4q of adduction to 1q and 4q of 

abduction for the walk and trot, respectively. Adduction coincided with active extension 

during swing phase. Overall, coronal angulation range of motion was not different 

between activities. Offset was also evident for coronal angulation during walking and 

trotting; for instance, at a stifle flexion angle of 120q for the trot, there was abduction of 

2q during early swing phase, and adduction of 2q during late swing phase (P= 0.04). 

Coronal angulation alignment during stifle extension for stair ascent resembled the 

pattern observed during walking. During deep flexion of sitting, mild abduction was 

coupled with flexion, but coronal angulation alignment was within the range observed 

during other activities that had greater stifle extension. 

 Cranial tibial translation was nominal, and was correlated with increasing stifle 

flexion angle when assessed over all activities. At maximal extension of the trot and 

walk, the tibial origin was 13 mm cranial to the femoral origin. The tibial translated 

cranially by 2 mm during peak flexion of the swing phase for walking and trotting. 
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Deeper flexion caused by sitting induced the greatest cranial tibial translation, where the 

tibia origin was 18 mm cranial to the femoral origin in full flexion. Offset was also evident 

for cranio-caudal translations during the trot, but not the walk. For instance during the 

trot at a stifle flexion angle of 130º, the tibial origin was 13 mm cranial to the femoral 

origin during early stance swing phase, and 14.9 mm cranial to the femoral origin during 

early late swing phase (P =0.04). 

Discussion 

 Using single-plane fluoroscopy, we demonstrated that normal in vivo femorotibial 

joint kinematics in dogs are complex, where 3D joint alignment is dependent on the type 

of activity performed. Our study highlighted that an envelope of motion exists in all three 

planes for the canine femorotibial joint, and that a wide range of joint poses were 

evident during the daily activities that were assessed. Similar to what has been 

observed in the human knee,19,21 there appears to be tight active control of 3D stifle 

alignment in the dog, within the boundaries set by passive ligamentous constraints. 

 A strong positive correlation between internal tibial rotation and stifle flexion was 

present during all activities. The coupled motion between axial rotation and flexion can 

be explained primarily by the passive restraints including the cruciate and collateral 

ligaments, as well as articular surface geometry. Cadaver studies have shown that the 

magnitude of normal rotational laxity increases with flexion, when the caudolateral band 

of the CrCL is not completely taught and the lateral collateral ligament becomes lax.7,10 

In addition, articular surface geometry is asymmetric, where the lateral tibial condyle 

has a smaller radius of curvature than the medial side. All of these factors combined 

likely contribute to the lateral tibial condyle translating further cranially than the medial 

tibial  condyle  upon  flexion.  This  phenomenon,  described  as  the  ‘screw-home’  
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mechanism, was originally recognized in the human knee under passive conditions.13 

Similar geometric features of both the dog and human knee, such as asymmetry 

between the medial and lateral tibial condyles, explain the coupled motion between 

axial  rotation  and  flexion;;  however,  studies  in  humans  have  shown  that  the  ‘screw-

home’  mechanism  is  not  always  evident  in  vivo.19 We found internal tibial rotation was 

tightly coupled to increased flexion for all activities, thereby  demonstrating  the  ‘screw-

home’  mechanism  to  be  a  consistent  phenomenon  in  the  dog. 

 Axial rotational alignment was significantly different at equivalent flexion angles 

between certain activities, revealing offset during in vivo dynamic activities for the dog 

stifle. We suspect this difference is the result of varying muscle activity over the entire 

gait cycle. For instance, internal rotators of the tibia such as the popliteus, gracilis, 

semimembranosus, and sartorius muscles are also flexors of the stifle, and are likely to 

be predominately contracting during early to mid-swing when there is active stifle 

flexion.  With  a  prominent  ‘screw-home’  mechanism  being  evident,  one  would  expect  

that the deep flexion with sitting would create marked internal tibial rotation; however, 

the tibia remained in relatively neutral axial rotational alignment. Equivalent tibial 

rotational poses during deeper flexion while sitting might also be explained by 

differences in muscle activation and initial posture. Our study highlights the need for 

studies that define the contributions of muscle activity to rotational stifle alignment in 

dogs. 

 Coronal plane angulation was more tightly constrained than axial rotation, where 

the stifle did not angulate by more than 4q in abduction and adduction. This is consistent 

with anatomic studies that demonstrate the important contributions of the collateral 
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ligaments to stifle stability in the dog.10 Despite the limited range of motion, we still 

observed a significant coupling between increased flexion and tibial abduction. The 

‘screw-home’  mechanism  in  the  dog,  therefore,  also  appears  to involve angulation of the 

stifle in the coronal plane. Increased abduction with flexion may be predominately 

caused by the normal caudal sagittal slope of the tibial plateau in the dog, which is 

much steeper than the slope present in humans: with the tibia internally rotated upon 

flexion, the lateral femoral condyle is positioned on the more distal, caudal aspect of the 

lateral tibial condyle, whereas the medial femoral condyle is articulating on the more 

proximal, cranial aspect of the medial tibial condyle. Similar to axial rotational alignment, 

significantly different poses also occurred between various activities with stifle 

adduction/abduction, suggesting that a large degree of active muscular control is also 

present in the coronal plane. 

 We identified changes in cranial tibial translation caused by two distinct 

processes. First, there was a significant correlation between increasing flexion angle 

and cranial tibial translation across all activities. Concurrent gliding and rolling of the 

femoral condyles on the tibial plateau with flexion resulted in relative caudal translation 

of the femoral origin with respect to the tibial origin. This should not to be interpreted as 

increasing tension on the CrCL, as it is well established that a large portion of the CrCL 

is lax in flexion;7 rather, the change in cranio-caudal alignment measured during flexion 

was dependent on the assigned location of the femoral and tibial origins. Second, a mild 

but significant offset in cranio-caudal alignment was found during trotting. A change of 

up to 1.9 mm was identified at equivalent flexion angles but differing phases within a 

gait cycle. The significant offset suggests that the normal CrCL is under enough tension 
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during trotting to allow slight elongation. We were unable to estimate the magnitude of 

load in the CrCL, but future high-precision kinematic studies may provide further insight 

into the pathomechanics of naturally-occurring fatigue failure of the CrCL in the dog. 

 There are several limitations to our study. Data were obtained using single-plane 

fluoroscopic imaging, which is less accurate for measuring out-of-sagittal-plane motions 

than biplanar systems.42 This limitation precluded the ability to accurately assess medio-

lateral translations in the current study. Furthermore, the flat panel detector has a 

defined field of view, which only allowed us to capture the stance portion of stair ascent. 

Treadmill kinematics has been shown to be different to that over ground in dogs29; thus 

our kinematic findings may vary slightly from what occurs in normally ambulating dogs 

over ground. Lastly, our results may not be representative of gait patterns in other dog 

breeds due to variations in size, conformation and cadence. 

 Femorotibial kinematics in dogs involves complex 3D motion during normal daily 

activities. Stifle movements occur within an envelope of motion which vary according to 

the activity performed and are heavily influenced by the combination of active and 

passive forces acting across the joint. Our kinematic data establishes a reference-

standard outcome measure that can be used as a comparison for future studies on both 

pathologic and normal canine stifle motion.  
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Figure 4-1. Dog pictured performing different activities. A) Dog walking with the C-arm 

positioned to acquire lateral-view fluoroscopic stifle images. B) Stairs 
positioned to capture stance-phase of stair ascent. C) Dog positioned after 
completing stand-to-sit exercise (image courtesy of author). 
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Figure 4-2. Representative shape-matched fluoroscopic image of a dog stifle at the trot. 

Three-dimensional bone models from 5 different phases of the gait are 
included to demonstrate capture of the complete gait cycle on the flat panel 
detector (image courtesy of author). 
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Figure 4-3. Averaged plots of stifle flexion angle versus axial tibial alignment for all 

activities. Increased flexion was associated with internal tibial rotation for all 
activities. Note that despite the deep flexion seen with the sit activity, the tibia 
maintains a relatively neutral axial alignment.  
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Figure 4-4. Averaged plot of flexion versus axial alignment for all dogs at the trot. Axial 

tibial rotation was compared at four separate flexion angles (gray circles), 
using a paired t-test. At all four flexion angles measured, a significant 
difference or offset in axial alignment was found. 
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Figure 4-5. Averaged plots of stifle flexion angle versus coronal angulation for all four 

activities. Increased flexion was associated with abduction for all activities. 
Note that despite the deep flexion seen with the sit activity, the tibia maintains 
a relatively neutral coronal angulation.  
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CHAPTER 5 
CONCLUSION 

 Interest in the study of joint kinematics has a long history, with some human 

kinematic observations dating back to the early 19th century.1 Chapter 1 provided an 

overview of some of the primary kinematic measurement techniques that have been 

used, and are available, for the measurement of femorotibial kinematics in the dog. 

Each of the kinematic modalities has associated advantages and disadvantages. Many 

of the described techniques suffer from limitations such as inherent inaccuracy, 

invasiveness and or a lack of availability, which preclude their common use in the 

veterinary clinical setting. We also discussed the absence, to date, of a described 

measurement technique that can track femorotibial kinematics in a minimally invasive 

yet highly accurate and precise manner in dogs.  

 Chapter 1 further detailed the kinematic consequences of CrCL deficiency in 

dogs. It was discussed that despite the high prevalence of this debilitating disease, 

there remains a paucity of kinematic data to help explain the pathomechanics leading to 

rupture of the CrCL. Despite the multitude of surgical interventions described for the 

CrCL deficiency in dogs, studies have not been conducted in vivo to assess the 3D 

kinematic effects of any of these procedures. 

 We performed ex vivo studies to validate the accuracy and precision of single-

plane fluoroscopic analysis, for measuring 3D femorotibial kinematics in a normal and a 

TPLO treated dog stifle. Accuracy of kinematics measured using single-plane 

fluoroscopy and a 3D-to-2D model registration technique was compared with results 

obtained by use of a modified RSA.  
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 In Chapter 2, we documented that single-plane fluoroscopy could accurately and 

precisely measure kinematics of normal  dogs’  femorotibial  joint. Mean absolute 

differences between the biplanar RSA and the 3D-to-2D model registration technique 

were small at d 1.28 mm and 1.58º for all translations and rotations, respectively. Intra- 

and interobserver repeatability was strong with maximum mean translational and 

rotational standard deviations of 0.52 mm and 1.36q, respectively. This accuracy and 

repeatability compares favorably with that demonstrated in human knee kinematics, and 

validates the use of this methodology for assessing normal stifle kinematic 

measurement in vivo.41 

 The TPLO is one of the most commonly performed surgeries to help stabilize the 

CrCL-deficient dog stifle.103 Despite the widespread popularity of the TPLO, little is 

known about the 3D femorotibial kinematics in vivo. In Chapter 3, we validated the use 

of single-plane fluoroscopy with 3D-to-2D model registration, as a highly accurate and 

precise technique for measuring femorotibial kinematics in a TPLO-treated cadaveric 

stifle. Accuracy was shown to be in the order of 1.05 mm and 1.08º for all translations 

and rotations, respectively. Intra- and interobserver mean standard deviations did not 

exceed 0.59 mm for all translations and 0.93q for all rotations. The high level of 

accuracy and precision demonstrated, make this technique very suitable for measuring 

TPLO-treated stifle kinematics in vivo, in a minimally invasive manner. 

 In Chapter 4, we measured in vivo femorotibial kinematics in six client-owned, 

normal Labrador retrievers using the single-plane fluoroscopic methodology validated in 

Chapter 2. Kinematics were measured in each dogs while performing walk, trot, stair-

ascent and sit activities. Three-dimensional joint alignment was found to be highly 
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dependent on the type of activity performed. Increasing stifle flexion angle was shown to 

be associated with tibial internal rotation, abduction and cranial translation for all four 

activities. The exact relationship between flexion angle and these movements varied 

both within and between activities. It was further found that significant differences in 

cranial tibial translation, axial and coronal rotation were found at the same flexion angle 

during different phases of the walk and trot gait cycles. Our findings highlight the 

complexity and variability of femorotibial kinematics in dogs during different daily 

activities. We have shown that a 3D envelope of motion exists in the normal dog stifle 

joint, and that joint poses within this envelope are under precise control for each 

individual activity performed. These data establish a baseline of normal stifle kinematics 

in the dog during daily activities. The kinematics documented may be used as a 

reference-standard outcome measure for future studies evaluating normal and 

pathologic dog stifles.  

 While a very useful kinematic measurement modality, single-plane fluoroscopy 

with 3D-to-2D model registration is not without its limitations. Primary amongst these 

limitations is the inability to accurately measure out of plane translations. It is well 

known that dog femorotibial motion occurs in 6 DOF;67,82 despite this fact, accurate 

assessment of medio-lateral translations utilizing single-plane fluoroscopy is not 

possible. Another major limitation to this technique is the requirement for manual 

matching of 3D bone models to the fluoroscopic bone outlines. This process requires a 

high level of user training and attention to detail. Automated shape matching has been 

described in human kinematic measurement49,56,118 and permits the assessment of 

larger amounts of kinematic data with less user intervention when compared with the 
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techniques assessed in our investigations here. Accuracy and precision validation of 

automated shape-matching algorithms however, are required before these techniques 

can be utilized to evaluate into kinematics in dog stifles. 

 The results presented here demonstrate the utility of single-plane fluoroscopy in 

measuring femorotibial kinematics, in both normal and TPLO-treated dog stifles. This 

technique now permits comprehensive, accurate evaluations of stifle kinematics under a 

variety of different conditions in the clinical setting. Perhaps, of the plethora of 

interesting studies that this technique enables, the most interesting study lies in the 

evaluation of potential kinematic risk factors for CrCL rupture. Considering the high 

frequency of pathology and surgical interventions associated with the stifle joint in the 

dog, the ability to accurately assess kinematics in vivo is paramount to help define the 

pathomechanics of disease and effects of various treatment modalities for these 

conditions.  
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